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ABSTRACT 

Tlie geothermal energv program at tlie Los Alamos National 
Laboratory is directed toward developing the Hot Dry Rock (HDR) 
technology as an alternate energy source. Positive results have been 
obtained i n  previoiis circulation tests o f  H D R  reservoirs at the 
Laboratory's test site in Fenton Hill. New Mexico. There still 
remains however. the need to demonstrate that adequate geothermal 
energy can he extracted in an efficient manner to s u p p r t  coniniercial 
power production. This year. the Lahoralory wil l  hegin a circulatioo 
test o f  its Phase I1 reservoir. The ohjectives o f  this test are to 
characterize steady-state power production and long-term reservoir 
performance. 

I NTROD U C T l  ON 

To date, two circulation tests have k e n  condticted on H D R  
reservoirs at the Fenton Hill test site. The first was conducted during 
Phase 1 o f  the program. It involved the circulation o f  fluid throiigh 
an H D R  reservoir at a depth o f  9OOO feet. The circulation test lasted 
nine months and prodiiced a f luid temperature o f  275°F and nominal 
thermal power o f  3 M W .  Throughout the test. the quality o f  the 
recirculated water remained good and water loss decreased with time. 
I n  addition. there were no detectahle environmental effects from 
operating the test. The test was a convincing demonstration of the 
technical feasibility lo coiistruct and operate a hydraulically fractured. 
man-made. HDR system. 

Wi th the success o f  the Phase I test. the next step was to 
produce heat at teniperatures and rates to support a coniniercial-size 
electrical power p h i .  T o  obtain a higher temperature resource. a 
deeper reservoir was developed during Phase I1 o f  the program. The 
Phase I1 reservoir is located at a depth o f  approximately 12.000 feet 
helow the surface in rock tetiiperature of 460°F and i s  estiniated to 
have a fluid capacity o f  one niill ion gallons. 

I n  1986. n 30-day circrilation test was conducted to confirm tlie 
flow continuity o f  the Phase 11 reservoir and to determine its thermal 
potential. Over this time. a total of IO mil l ion gallons 01 ra te r  at 
70°F was injected into the reservoir at a pumping pressure as high as 
4700 psi and an injection rate of 285 gptn. Over time. the 
production rate increased to 235 gpni against a production pressure of 
500 psi. Temperature o f  the produced I luid rose to 375°F and a 
nominal 10 M W  o f  thermal production was achieved. The reservoir 
performance was still improving at tlie end of the test. Water loss 
initially was very high. in part due to leakage through a daiiiaged 
casing i t i  tlic production well. A Iargr part of tlie water loss was due 
to storage i n  fractures that were outside 01 the circulation p ~ t l i s .  T h i s  
water was recovered later wlieii the systeni was vented. This short 
lesl demonstrated the potential to produce high teiiiperature 

geotliernial water. However. the economics o f  commercial power 
plants require higher rates of heat production. reduced water loss 
rates. and a credihle basis for predicting useful lifetinic o f  the heat 
source. For al l  these rcisons. a much longer lest would he needed to 
demonstrate h e  reliability and longevity o f  power production. 

The results o f  the two tests are summarized i n  Tahle 1. Unl ike 
the testing o f  Phase I .  the testing o f  the Phase 11 reservoir required 
higher in,jection pressures and production equipnient with the higher 
temperature ratings. The higher teniperatures also required that 
higher pressure he niaintained on the production well to avoid two 
phase flow. T h e  test also showed otliei changes froin the Phase I 
tecting Althoiipli episodir increases in  carhon dioxide production 
occurred with decrenzing frequency during the test. the 
concentrations were high enoiigli to produce two phase fluid 
dounstreani o f  the heat exchanger. As a result. there were periods 
when closed-loop operation could not be maintained. In  addition, 
sand and gravel was detected in  the prodiiction fluid hut this was 
attrihuted to the damaged casitig i n  the pioduction well. 

Table 1. Comparison of Reservoir Characteristics 

Phase I Phase II 

Average Reservoir Depth, feet 9,000 12,000 
Average Rock Temperature, 'F 374 460 
Average Production Rates, gpm 112 225 
Production Temperatures, 'F 275 375 
Nominal Thermal Power Output, MW 3 10 

With the experiences of the two circiilation tests. preparations 
are. currently underway to conduct another test of the Phase 11 
reservoir. This test. identified as t l ie Long-Term Flow Test (LTFT). 
wi l l  entail the circulation testing o f  tlie reservoir for a niininiiirii 
period 01 one year. l l i e  test is designed to characterize long tern1 
reservoir performance in terms of the rate of thermal drawdoun. 
water loss, flow impedance, induced seismicity and geochemical 
behavior. 

TEST PLAN 

The testing of the reservoir wi l l  consist 01 f ive niodes of 
operation. A suniniary o f  tlie operating paranietcrs i s  outlined in  
Table 2. 

Start-up. Tlie initial phase o f  the tesl will involvc a start-up 
period to coiifirni Ihe operating paranieters for use tlirougliout the 
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activity that wi l l  be especially prevalent near the boundaries of tlie 
cooled rcgion. It wi l l  provide a unique o1)portunity to map the 
locations o f  those boundaries. 

Table 2. LTFT Test Plan. 

Injection Makeup/ Thermal 
Mode Operation Rate Pressure Supply Rate Production 

(gpm) (psi) (gpm) (MW) 

1. Start-up 84 3700 5-10 4 
2. Aseisrnic 125 3700 7-9 6 

<30 11 3. Maximum 220 4200 

4' 280 4500 c70 15 

Production 

Unlocking 

5. Cyclic 400 4500 400 21 

remainder o f  the testing program. Following the 30-day circiilation 
test in 1986, tlie production well underwent rework to repair the 
damaged casing. Since the repair, the reservoir has been either i n  a 
sliut-in state or subjected to pressure cycling experiments. l ' l i e  
effects of tlie repair, time, and pressure cycling may have affected the 
characteristics of tlie reservoir as established during tlie earlier 
circulation test. This mode o f  operation wi l l  be used to reestablish 
the relationship between operating pressures and production flow 
rates by producing at various pressures. Tl ie purpose is to establish 
tlie highest production pressure to optimize reservoir performance. 

Aseismic. Dur ing this phase of the test, injection to the 
reservoir wi l l  be limited to a pressure that is below tlie threshold level 
for hydraulic fracturing (reservoir extension) to occur. Froni 
previous testing, tlie threshold pressure is estimated to be between 
3700 to 3900 psi. Tl ie purpose o f  this test i s  to circulate the 
reservoir in the mode that wi l l  require the niininiuni amount o f  
makeup water. Dur ing this mode o f  operation. water loss i n  the 
reservoir wi l l  he due to diffusion at the boundary o f  tlie reservoir. 
The water loss i s  estiniated to be i n  the range o f  7 to 9 glitn. l h e  
production flow rate for this mode o f  operation i s  expected to be 125 
gym. 

Maximum Production. The primary purpose o f  this test wi l l  be 
to extract the maximum amount o f  energy. As a result, i t  wi l l  
suhject the reservoir to the most demanding test with regards to 
thermal capacity. T o  accomplish this test, iiijection to the reservoir 
wi l l  be at a pressure above the threshold level. Water loss in this 
mode wi l l  be a conibination o f  diffusional loss and volumetric 
inrreasa o f  tlie reservoir. Operating i n  this mode wil l  require a 
signilicanl anioitiit of makeup water. Based on previous inl1:itioii 
experinients, water losses could he as high as 60 to 70 gpni at an 
injection pressure of 4500 psi. The constraint to this test is  tlie finite 
supply o f  makeup water. A n  injection pressure wil l  be established on 
the basis o f  a water loss rate that wi l l  provide for the niaxiinuni 
period o f  steady state operation. 

The estimated injection pressure is 4200 psi with a flow rate o f  
220 gpni. This test is expected to provide the bulk o f  inforniation 
regarding reservoir thermal capacity and life expectancy. 

Stress Unlocking. For  the start o f  this test. the production well 
w i l l  be shut-in and the reservoir pressure wi l l  be elevated to the 
maximum operating limits o f  the system design (4500 psi). The 
purpose o f  this test wi l l  he to evaluate the effects o f  increased 
pressure on the flow paths i n  tlie reservoir. 

The maxinium production test. as described above, wi l l  have 
cooled tlie reservoir and created high thermal strains. The 
pressurizatioti is expected to relax the stresses both within tlie 
reservoir and at i ts  boundary, the result being a reduction in  tlte flow 
impedance o f  the reservoir. Tl ie pressurization wil l  create seismic 

After pressurization, tlie reservoir wi l l  then he suhjected to a 
circulation test to evaluate the effects o f  the stress unlocking test and 
to deterniine the maximum power production rate. 

Cyclic. The final test wi l l  be conditcted to study tlie potential o f  
cyclic operation for use i n  peak-loading power applications. It wil l  
entail intermittent flowing o f  the reservoir. For this test, the 
reservoir wi l l  be inflated to a pressure above the threshold level, then 
followed by a period o f  flow production. 

SURFACE PLANT 

To  accomplish the goals o f  the test plan. a surface plant lias 
been designed to provide the flexibility and control to support the 
different operating modes. The plant has tlie following nlinimuni 
requirements: I) to develop the required injection pressures atid flows 
to circulate the reservoir, 2) to extract the energy from the hot 
geotliernial flitid. 3) to measure and control the fluid teniperature, 
pressure, and flow, 4) to remove any solids and gases from the 
production fluid, 5) to allow for open and closed-loop operations. and 
6) to provide logging capabilities on both wells. 

The process concept o f  the plant is illustrated i n  the basic 
schematic o f  Figure I. For  closed-loop operation. circiilation o f  the 
reservoir is created by a pair o f  positive displacement pumps which 
deliver water under high pressure to the reservoir through the 
iiijection well. After passing through the reservoir and extracting the 
heat energy. the water is returned to the surface via the production 
well. At tlie surface. the hot geotliernial water passes through a 
prrssurc rrgulating station then 011 to a separator where any gas and 
solids are renioved from the process stream. Tlie hot fluid then flows 
to a heat exchanger where the temperature is reduced ant1 tlie 
extracted heat energy is measured. After cooling, the fluid i s  
returned to the injection pumps to complete the cycle. Previous tests 
have shown that some water loss wi l l  occur during the circulation 
process. To  conipensate for these losses. tlie plant includes a 
niakeup water facility. Water wil l  be drawn from a 5 mil l ion gallon 

Supply Pump 

From 
Storagt 
To 
Sloragc 

In ject ion 
Well 

P roduc t l on  
We l l  Sediment 

Figure 1. HDR Flow Diagram. 
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reservoir and piiiiiped into the low pressure side o f  the plant. Tl ie 
water wi l l  he supliliecl hy two ceiitrilugnl ~ i i t i i i ~ i s  wlticli wi l l  be 
coriiiected upstream o f  h e  suctioti to tlie injection liunip. 

Tlie plant i s  also designed for open-loop operation. This niode 
allows for diverting the production fluid downstream o f  tlie heat 
exchanger to surface water storage facilities. Water to the injection 
punips is provided by the larger capacity supply pumps. This 
operating feature provides the capability to flush the reservoir with 
fresh water. I n  addition. i t  w i l l  be used i n  the event o f  an upset 
operating condition and to inflate the reservoir. 

P L A N T  DESIGN 

From a mechanical design standpoint. tlie plant can he divided 
into three sections, namely the production, high pressure and low 
pressure segments. The production segment consizts o f  the pressure 
regulating equipment adjacent to tlie production well that wi l l  reduce 
tlie f luid pressure to the low pressure side o f  the plant. This segment 
has a pressure rating o f  4500 psi. The low pressure side o f  the 
plant consists o f  tlie separator, heat exchangeel;. niakeup pumps and 
interconnecting piping. This sectioii is designed for a maximum 
operating pressure o f  I100 psi. T l ie  high pressure side i s  coniprised 
o f  the in,jection punips and the piping to the injection well. The 
coinpoitents witlii i i this portion o f  tlie plant are designed for a 
tiiaxiniuni allowable working pressure o f  SO00 psi. The operating 
capacities o f  tlie plant are outlined in Table 3. 

Table 3. Surface Plant Operating Capacities. 

Injection 

Production 

Separation 

Heat 
Extraction 

Makeup 
Supply 

Supply 
Water 

Rate (gpm) 

Rate (gpm) 

Rate (gpm) 

Pressure (psi) 
Temperature ('F) 

Pressure (psi) 
Temperature ('F) 

Pressure (psi) 
Temperature ('F) 
Vapor (I bs/min.) 
Solids (Ibs/hr.) 

Pressure (psi) 
Temperatu re ('F) 
Duty (MW) 

Rate (gpm) 
Pressure (psi) 
Temperature ("F) 
Rate (gpm) 
Pressure (psi) 
Temperature ('F) 

Rate (gpm) 

a4 -336 
3400 -5000 

40 -150 

0 - 420 
500 - 2400 
40 - 400 

336 
1235 
450 
350 
170 

2000 
2500 
475 
97 

5 - 74 
250 - 1000 

40 - 150 

40 - 450 
130 - 160 
40 - 150 

D A T A  ACQUISITION A N D  P L A N T  CONTROL 

The collection o f  operating data and plant control wi l l  he 
performed by a high speed (one scnn per second) data acquisition and 
control (DAC) system. l'he system consists of cotiitiiercially available 
software for process autoniation aliplications running on an IBM PC 
computer with modular inpiitloutput (I/O ) processors. Tl ie I/O 
processors perform local scanning o f  instrutnetit input. signal 
conditioning, analog to digital (AID) and D / A  conversion, and signal 
output for control. Tl ie I/O processors are located throughout tlie 

site i n  close proximity to instritinentation and coiitt-ol Iiardware. 
1Xgit;il cotiiiii~tiiicittlotis Ixtweeti tlie processor ant1 the coiniiuter are 
transiiiitted at a rate o f  19.200 bits per second. Figure 2 shows a 
scheniotic diagram of the D A C  system. 

The control scheme is designed to ninintain constant pressure on 
the production and injection wells. Pressure control of the plant 
consists of four elements. 

Pressure from the production well w i l l  be reduced i n  two stages 
to obtain the operating pressure 011 the low pressure side o f  tlie plant. 
Two nianually adjustable chokes, installed i n  parallel in a niatiifold 
itnniediately downstream of tlie production well, wi l l  provide the 
initial pressure drop. T l ie  choke valves w i l l  be adjusted to take the 
brunt o f  the pressure drop since tlie wear parts can be economically 
maintained and are readily serviceable. 

Tl ie second stage o f  tlie pressure drop wi l l  be acconiplislied hy 
two pneuniatic control valves, installed i n  parallel dowiistreani o f  tlie 
nianual choke valves. Tl ie control valves wil l  serve to niaititaiti a 
constant wellhead pressure. Operation of the valves wil l  be 
controlled as a function o f  the production line pressure upstreatii o f  
the choke valves by way o f  proportional, integral, derivative (PID) 
logic performed by the D A C  system. Production line pressure wi l l  
be measured and transmitted to tlie D A C  systeni at I to 2 secoitd 
intervals. The measured pressure wi l l  beconie input to the PID loop 
and compared with the nominal progratnrned set point. Deviation 
from set point wi l l  be calculated and evaluated. and appropriate 
adjustnieiits to the control valve output wi l l  be niade and transmitted 
one second after data arrival. 

There wil l  also be two pneumatic control valves installed i n  
parallel downstream of the heat exchangers. Tl ie valves wi l l  serve to 
maintain upstream operating pressure above the flash point of the 
produced fluid. Control wi l l  be perforriied by tlie D A C  system i n  Ihe 
niaiitier described above. The valves would be used predoiiiinaiitly 
during an open loop operation when i t  would be necessary to divert 
the production fluid to either a storage pond or tanks. 
either tlie pond o r  tlie tanks would be accomplished by two valves 
controlled from tlie D A C  system. 

Flow to 

Suction pressure to tlie injections punips wi l l  he maintained by 
the two make-up punips. Depending on tlie demand, !lie pumps wi l l  
operate singularly o r  i n  parallel to maintain a constant suction 
pressure to the iii.jection pumps. Control of tlie makeup pumps wil l  
be perfornied locally and independently of the D A C  systeni as a 
function o f  tlie suction line pressure to the in.jection pumps. Each 
primp i s  equipped with a by-pass line and an orifice in the pump 
discharge line to allow for safe full-range operation. Tl ie local control 
system wil l  automatically activate atid sequence the make-up punips as 
needed. When one putlip is i n  operation and tlie pressure drops 
below the set point, an indication that the capacity o f  the f i rst  punip 
has been exceeded. tlie control system wi l l  activate the second pump. 
Tl ie first pump wi l l  he shut down when line pressure reaches tlie 
high set point. Duriiig long periods o f  steady state operations with 
one pump i n  use. the control systeni wi l l  automatically switcli putiips 
periodically to distribute usage and wear. 

Tlie output o f  the injection punips wi l l  be controlled by a 
nianually set speed controller. l 'he pump speed (RPM) wi l l  be set 
nianually with tlie throttle control and autoniatic tratisiiiissioti. 

Tlie desigti approach for tlie systeni autoinaliott wi l l  allow for 
extended uit-nianned operations and, i n  tlie eveitt of an unrecoverable 
upset condition. provide for autoniatic shutdowti i n  a safe and orderly 
iiiatiner. System re-start o r  a change i n  operating modes wil l  be 
done manually. Tl ie control systeii~ has been designed to maintain 
flexibility and to provide for future autociation of tlie control schztne. 
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Figurc 2. Schcniatic of LTFT Data Acquisition and Control Syslcm 

SUMMARY 

The LTFT includes a number of operational strategies to 
characterize the thermal performance of tlie Phase I1 reservoir. The 
test plan provides a nuniber of unique technical cliallenges with 
regard to tlie design, construction and operation of tlie equipment and 
fiicilities. The wrfact- plant has k e n  designed to asstire high 
relinliility and safe operation while providing the flexibility and 
control to support the difkrent operations modes. 
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