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DISCLAIMER 
 

This report was prepared as an account of work sponsored by an 
agency of the United States Government.  Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof.  The views and opinions of authors expressed herein 
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DECREASING ENERGY CONVERSION COSTS WITH ADVANCED MATERIALS 

Lawrence E. Kukacka 
Process Sciences Division 

Department of Applied Science 
Brookhaven National Laboratory 

Upton, New York 11973 

ABSTRACT 

If the  Geothermal Technology Division (GTD) is t o  meet i t s  programmatic 

ob jec t ives  i n  hydrothermal f l u i d  production and energy conversion, it i s  

e s s e n t i a l  t h a t  new materials of cons t ruc t ion  be ava i l ab le .  Level 111 Program 

Objectives inc lude  1) reducing t h e  c o s t s  assoc ia ted  with l o s t  c i r c u l a t i o n  

episodes by 30 percent by 1992, 2) reducing the  c o s t s  of deep wells and 

d i r e c t i o n a l l y  d r i l l e d  wells by 10 percent by 1992, 3) reducing well-cementing 

problems f o r  t y p i c a l  hydrothermal wells by 20 percent by 1991, and 4) t h e  

development of a cor ros ion- res i s tan t  and low-fouling hea t  exchanger tube mate- 

r i a l  cos t ing  no more than t h r e e  times the  c o s t  of carbon steel  tubes by 1991. 

The Brookhaven National Laboratory (BNL) materials program is  focused on 
meeting these  objec t ives .  Currently,  work is i n  progress on 1 )  high tempera- 

t u r e  chemical systems f o r  l o s t  c i r c u l a t i o n  con t ro l ,  2) advanced high tempera- 

tu re  (3OO0C), l ightweight (~1 .1  g /cc ) ,  C02-resistant w e l l  cementing materials, 

3) thermally conductive composites f o r  heat exchanger tubing, and 4) u l t r a  high 
temperature (6OOOC) cements f o r  magma wells. I n  add i t ion ,  high temperature 

elastomer technology developed earlier i n  t he  program is being t r a n s f e r r e d  f o r  

use i n  the  Geothermal D r i l l i n g  Organization programs on d r i l l  pipe p r o t e c t o r s ,  

r o t a t i n g  head seals, and blow-out preventors. Recent accomplishments and t h e  

cu r ren t  s t a t u s  of work i n  each subtask are summerized i n  t h e  paper. 
* 

INTRODUCTION 

- I n  order  t o  meet GTD's  Programmatic Objectives,  attainment of which w i l l  

g r e a t l y  enhance development of t he  Nation's geothermal resources,  advanced 

technology i s  required f o r  i ndus t ry  t o  reduce c o s t s  caused by the  severe geo- 

thermal environments encountered dur ing  d r i l l i n g ,  well completion and t e s t  

f i e l d  development, hea t  e x t r a c t i o n ,  power production, and r e i n j e c t i o n  of spent  
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brine. Particular needs are for improved materials and methods to withstand 1) 
extremely high temperatures encountered in geothermal reservoirs and in energy 
conversion processes, and 2) severe corrosion and scaling by geothermal brines. 
Materials needs exist for specific components such as downhole drill motors, 
pumps, casing, packers, blowout preventors, drill-pipe protectors, rotating 
head seals, and heat exchangers. In particular, improvements in lost-circula- 

tion control, lightweight well-completion materials, and downhole drill motors 
would significantly reduce well costs.(l) 

The GTD initiated the Geothermal Materials Program in 1976, and since 
1978, BNL has provided technical and managerial assistance in the implementa- 
tion of this long-term high-risk effort. 

To date, the most significant geothermal materials advance has been in 
high temperature elastomers. Developed under GTD sponsorship by L'Garde, Inc., 
the Y-267 EPDM (ethylene, propylene, diene, methylene) elastomer can be clas- 
sified as a technology breakthrough.(2,3) 
turers acquired the technology from the Department of Energy (DOE) in 1982, and 
molded parts are now commercially available from these and other firms. 
elastomers are widely used in well logging tools, packers, valves and other 

equipment. 
EPDM to enhance its performance in drill pipe protectors, rotating head seals, 
and blow-out preventors, and these results are being utilized in the Geothermal 
Drilling Organization's programs on these components. 

Three major U.S. seal manufac- 

The 

Recently, GTD-sponsored work has been performed to modify the Y-267 

Another successful materials advance was the development of high-tempera- 
These materials are now available for use ture polymer concrete formulations. 

as corrosion resistant linings at temperatures up to 26OoC.(4) 

Cements represent another area where considerable progress has been made. 
The results from this effort currently serve as the basis for the selection 
of cements used for geothermal well completions throughout the world.(5) 
There is still, however, a major need for improved lightweight C02-resistant 
cements. (6 ,7) 
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Handbooks summarizing the performance of materials in above-ground and 
downhole geothermal environments are other widely used outputs from the materi- 
als program. (839) 

Research and development (RISrD) efforts aimed at further cost reductions, 
0 

in accordance with GTD Programmatic Objectives, are currently in progress. 
Tasks include work on high temperature lightweight cements, chemical systems 
for lost circulation control, nonmetallic heat exchanger tubing, and ultra high 5 

temperature cements. 
for liners on well casing was discontinued at the end of FY 1987, but technol- 
ogy transfer efforts on these materials are continuing. Major accomplishments 
during FY 1987 and the thrust of the current efforts are summerized below. 

R&D on elastomers for dynamic sealing applications and 

1. High Temperature Cements 

e Surface treatment of sillimanite-based microspheres for strength and 
durability enhancement of lightweight cements. 

e Oxidation-of carbon fiber surfaces for bond enhancement in lightweight 
cements . 

0 Downhole characterization of lightweight cements at Q3OO0C in low 
C02-containingbrines. 

2, Chemical Systems for Lost Circulation Control 

e Optimization of previously identified systems. 

0 Microencapsulation of reactive components. 

0 Engineering-scale placement tests. 

4 
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3. Materials for Nonmetallic Heat Exchangers 

0 Fabrication of prototype heat exchanger tubing. 

0 Laboratory durability tests. 

0 Field measurements of fouling coefficients and corrosion rate. 

4. Ultra High Temperature Cements 

0 Identification of pumpable ceramic-type materials stable at >5OO0C. 

5 .  High Temperature Elastomers for Dynamic Sealing Applications 

0 Completed modifications of Y-267 EPDM to optimize for dynamic seals. 

0 Identified high temperature chemical coupling system for bonding Y-267 
EPDM to carbon steel. 

0 Liaison with Geothermal Drilling Organization on full-scale test of 
drill pipe protectors. 

Detailed descriptions of each of these tasks are given below. 

RESULTS 

1. Advanced High Temperature Lightweight Cements 

In order to meet the GTD Programmatic Objectives of reducing well cement- 
ing problems for typical hydrothermal wells by 20 percent by 1991, improved 
well cements must be developed. 
tiveness of geothermal well completion procedures and to reduce the occurrence 
of lost circulation problems by the development of C02-resistant lightweight 
high temperature cements. 
limitations from materials to reservoir constraints in a cost effective manner. 
The work is being performed as a cooperative research effort with the New 
Zealand Department of Scientific Research (DSIR) .  BNL develops the cement 
formulations and performs physical, chemical and mechanical evaluations. 
conducts the downhole tests in wells at their Mokai and Rotokawa geothermal 
fields . 

The R&D strategy seeks to improve the effec- 

These improvements will help t o  transfer well-life 

DSIR 
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Two very promising lightweight cements were developed, and they are cur- 
rently being tested downhole by DSIR. 
CO2-containing brine at 2310°C. 
centrations are planned for next year. 
cement, silica flour, water, a sodium alpha olefin sulfate foam generator, and 
carbon fiber.(lO) 
sity of 1~1.0 g/cc, and a 24 hr compressive strength of 1200 psi. 
indicate that oxidation of the carbon-fiber surfaces prior to mixing results in 
significant enhancement of the fiber-cement interfacial bond, thereby giving 
further improvements in strength and durability.( 11) 

This test is being conducted in a low 

Tests in fluids containing higher C02 con- 
One formulation consists of class H 

The material has a slurry density of 1.2 g/cc, a bulk den- 
Recent data 

The second promising cement formulation contains class H cement, silica 
flour, water, and calcium hydroxide [Ca(OH)2]-treated ceramic microspheres. 
This formulation has a slurry density of 1.19 g/cc, a bulk density of 0.91 

g/cc, and a 24 hr compressive strength of 1400 psi.(l2) 
sillimanite [A1(ATSiOg)]-containing microspheres with deionized water and 
Ca(OH)2 at 2OO0C is essential for producing a high quality cement that will 
meet the American Petroleum Institute's (API) criteria for geothermal cements. 
Specimens prepared without the pretreated spheres exhibited a compressive 
strength of 610 psi and a water permeability of 7.9 x 
for 24 hr in a 3OO0C hydrothermal environment. 
<loW4 darcy, respectively. 
and 5.6 x 10-6 darcy. 
still met the API criteria. 

Pretreatment of the 

darcy after curing 
API criteria are >lo00 psi and 

The advanced BNL cement yielded values of 1440 psi 
After a 180 day exposure to 3OOOC brine, the samples 

Currently, work to develop lightweight C02-resistant cements is in pro- 
gress. Emphasis is being placed on calcium aluminate-based materials. Lab- 
oratory evaluations are to be completed by the end of FY 1988, at which time 
downhole testing at DSIR will commence. 

2. Chemical Systems for Lost Circulation Control 

Currently, the cost of correcting lost circulation problems occurring 
during well drilling and completion operations constitutes 20 to 30 percent of 
the cost of a well. 
typical hydrothermal wells by 10 percent by 1991. 

The GTD Objective is to reduce well drilling costs for 
Therefore, our goal is to 
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1 

develop an advanced high temperature chemical system that can be introduced 
through the drill pipe into the lost circulation zones. Elimination of the 
need to remove the drill string will greatly reduce down time and aid in the 
location of the fractured zone, resulting in considerable cost savings. 

During FY 1984 and 1985, BNL developed two promising chemical formula- 
tions, but due to budget constraints, the task was suspended.(l3,14) 
was resumed in FY 1988. 

Work 

One formulation is composed of bentonite, ammonium polyphosphate (AmPP), 

borax, magnesium oxide, and water. 
dients results in the formation of slurries with viscosities and thickening 
times adequate to allow placement.. After curing at elevated hydrothermal 
temperatures, the cement produced was characterized by a compressive strength 

>500 psi at 2 hr age, a permeability to water <2.0 x 104 darcy, and a linear 
expansion >15 percent. Consistometer tests performed at Sandia confirmed the 
pumpability of the materials at high temperature and pressure. 

The appropriate combination of these ingre- 

The second promising system consists of cement, borax, glass fiber, and 
bentonite. 
strength of 400 psi, a water permeability of 2 x 10-3 darcy, and a linear 
expansion of %2 percent. 

The system is pumpable at 25OoC, and at 2 hr age has a compressive 

In FY 1988 emphasis is being placed on the bentonite-AmPP-borax-magnesium 
Since the pumpability and curing times for the system can oxide ( M g O )  system. 

be closely controlled over a wide temperature range (15O0-35O0C) by varying the 
MgO concentration, methods for the microencapsulation of it in plastics are 
being investigated. As conceived, these NO-containing capsules will be mixed 
with the other constituents and pumped down the drill pipe. Depending upon the 
thickness and thermal stability of the encapsulant, the combination of tempera- 
ture and shear forces at the nozzle will be sufficient to rupture the capsule, 
thereby mixing the highly reactive MgO with the other materials. 
take place within seconds. 

Curing will 
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The labora tory  phase of the t a s k  w i l l  be completed by December 1988, a t  

which time p lans  w i l l  be made f o r  a mud displacement test  a s  a cooperative 

e f f o r t  wi th  Sandia National Laboratories and indus t ry .  

r e s u l t s ,  a w e l l  demonstration could be conducted e a r l y  i n  1990. 

Contingent upon these  

3. Materials for  Nonmetallic Heat Exchangers 

One of t he  ob jec t ives  of GTD's Energy Conversion program is t o  improve t h e  

n e t  geothermal f l u i d  e f f ec t iveness  of binary plants.  
from a recent Idaho National Engineering Laboratory study ,(Is) t h e  develop- 

ment of a low c o s t  cor ros ion  and foul ing  r e s i s t a n t  hea t  exchanger tube which 

could be used as a s u b s t i t u t e  f o r  high a l l o y  tubes ,  could reduce t h e  genera t ing  

cos t  of e l e c t r i c i t y  up t o  10 percent. Therefore, t h e  goa l  of t h i s  t a s k  is t o  

develop a cor ros ion- res i s tan t  and low-fouling hea t  exchanger tube material 
cos t ing  no more than t h r e e  times t h e  cos t  of carbon steel tubes by 1991. 

Based upon t h e  r e s u l t s  

During FY 1987, a polymer concrete formulation cons i s t ing  of 9 weight 

percent s ty rene ,  6 weight percent trimethylolpropane t r ime thac ry la t e ,  and 85 
weight percent s i l i c o n  carb ide  was se l ec t ed  as a thermally conductive, corro- 

s ion  r e s i s t a n t ,  and p o t e n t i a l l y  low-f ou l i ag  l i n e r  material.( 16) 

exposure tests of l i n e d  tubes  i n  br ine  a t  150°C were i n i t i a t e d ,  and t o  d a t e  

a f t e r  120 days,  d e t e r i o r a t i o n  o r  s c a l i n g  have not been detected.  

c a s t i n g  techniques f o r  applying t h e  l i n e r  onto tubes varying i n  s i z e  from 0.375 

t o  1.0 in .  were a l s o  developed. 

cos t  of t he  l i n e d  tubing w i l l  only be Q50 percent g r e a t e r  than t h a t  of carbon 
steel, w e l l  below the  GTD c r i t e r i o n .  

Autoclave 

Cent r i fuga l  

Preliminary c o s t  estimates indica ted  t h a t  t h e  

Currently,  work is i n  progress t o  f i e l d  test a prototype 80-ft long s i n g l e '  
tube s h e l l  and tube countercurrent hea t  exchanger as a cooperative e f f o r t  w i th  

INEL. The tube diameter w i l l  be 0.75 in. and water w i l l  be t h e  she l l - s ide  

f l u i d .  This test is scheduled t o  s t a r t  i n  October 1988. The test s i te  is  cur- 

r e n t l y  being se lec ted .  

multi-tube br ine /organic  heat exchanger w i l l  be f ab r i ca t ed  and tes ted .  

Contingent upon t h e  r e s u l t s  from t h i s  t es t ,  a prototype 
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4. Ultra High Temperature Cements 

This is a new project initiated in FY 1988 with the goal of designing and 
developing ceramictype cementitious materials systems that can be used for the 
completion of wells in magma environments. It is also expected that since all 
of thematerials to be considered will not be vulnerable to carbonation, their 
use with the lightweight aggregates discussed in Task 1 should result in excel- 
lent lightweight CO2-resistant cements for hydrothermal wells. 
application, the cement must be capable of withstanding corrosive fluids and 
gases in rhyolite magma environments at depths from 3 to 8 Km, pressures from 
7,000 to 30,000 psi and temperatures up to 850OC. Specific criteria that the 
material must meet are as follows: 

For the magna 

1.  24-hr compressive strength 10,000 psi. 

2. Stability in volatile components (H20, CO2, S, C1 and F) 
and in fusing rhyolite glasses at 850°C. 

3. Cement/superalloy bond strength >10 psi. 

4. Non-corrosive to superalloy casing. 

5 .  Maintenance of pumpability at temperatures up to 300°C for 4 hr. 

The scope of the work in M 1988 is to select and evaluate various ceramic 
composites consisting of a matrix and a filler prepared at temperatures of up 
to 1000°C and atmospheric pressure. 
magma zone, the chemical structure of cements appears to transform from a 
hydrogen bond-based slurry to a hydraulic bond-based product, and then to a 
ceramic bond. Thus, it is important to note that possible strength retrogres- 
sion during this phase transformation is an important factor to be considered 
in the evaluation of potential material systems, 

To date, screening experiments on several systems have been performed. 

During the placement of material in the 

On 

the basis of these preliminary laboratory experiments, five promising binder 
systems were selected: 

gel (called solid-gel reaction), Al203-Ti02-Amorphous Ti Hydroxide gel, A12O3- 
Ti02-Amosphous Zr Hydroxde gel, and MgO-Polyphosphate-NaB407* 10H20-H20. 
Tests to measure the mechanical and physical properties under dry and hydro- 
thermal conditions at temperatures of up to 1000°C are currently being made. 

Al203-Ti02-Ca0-H2Oy Al203-Ti02-Amorphous Al Hydroxide 
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5. High Temperature Elastomers f o r  Dynamic Sealing Applications 

This p r o j e c t  which was completed i n  FY 1987, cons is ted  of appl ied  research  
t o  optimize t h e  Y-267 EPDM elastomer formulation, developed earlier by GTD f o r  

s ta t ic  seal app l i ca t ions ,  f o r  use i n  dynamic seal app l i ca t ions  a t  temperatures 

up t o  260°C. Elastomers f o r  these  condi t ions  do not  cu r ren t ly  exist ,  and a 
successfu l  development and subsequent u t i l i z a t i o n  i n  downhole d r i l l  motors, 

d r i l l  pipe p ro tec to r s ,  r o t a t i n g  head seals, and blow-out preventors could sub- 

* 

*) 

* 

s t a n t i a l l y  reduce d r i l l i n g  and completion c o s t s  t o  meet GTD Objectives by 1992. 

During FY 1987, a series of screening tests on 15 developmental compounds 
were completed and the  r e s u l t s  compared wi th  those from t h e  base case Y-267 
EPDM, Based upon these  results, one was s e l e c t e d  f o r  a f i n a l  l i f e  expectancy 

test. 
those of t h e  Y-267 EPDM i n  Tables 1 and 2, respec t ive ly ,  

The composition and p r o p e r t i e s  of t h i s  formulation are compared wi th  

TABLE 1. DYNAMIC SEALS 
MOST PROMISING FORMULATION 

Cons t i tuent  

Nordel 1660 
Hypalon 20 
Polybutadiene 6081 
Thermoguard S 
NllO Black 
Cyanox 2246a 
Dicup Rb 

a, an t iox idan t  
b, peroxide cu r ing  agent 

Control Formulation 
Y-267 48 5 

100 100 
5 5 
20 20 
5 5 
75 50 

0.5 0.5 
3.5 3. 5 
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Property 

TABLE 2. DYNAMIC SEALS 
PHYSICAL PROPERTIES 

Control Fo rmul at ion 
Y-267 48 5 

Tensile, psi 1973 2190 
Elongation, % 122 137 

Die C, ppi 223 226 

Shore Hardness at 2O0C 92 85 

Die B, ppi 169 - 
Set, X 5.3 - 
Life Test in DSST, hr 8 >49a 

a, test voluntarily terminated before any sign 
of failure. 

A life expectancy test was performed on Compound 485 and the Y-267. Test 
conditions were as follows: brine temperature 204OC, shaft speed 350 rpm, and 
pressure gradient 300 psi. In compari- 
son, testing of Compound 485 was voluntarily terminated after 49 hr. Visual 
examination of the seal indicated some deterioration, but at shutdown it was 

After 8 hr in test, the Y-267 failed. 

still performing well. 
The post-test physical and mechanical properties of both sealing materials were 
measured, and they will be included in the final report which should be pub- 

The cause of the Y-267 EPDM failure was not apparent. 

lished by July. 

BNL has initiated liaison responsibilities 
ries and the GDO on their program on elastomers 
rotating head seals and blow-out preventors. A 
protectors has been placed by Sandia with Regal 
started in December 1987. The specified design 
are as follows: 

with Sandia National Laborato- 
for drill pipe protectors, 
contract for the drill pipe 
International, Inc., and work 
conditions for this application 

1. 
2. 
3. In both environments, a side load of 3500 lb during rotation must be 

Brine containing 180,000 ppm TDS and 10 atm C02 at 288°C and 5000 psi. 
Steam at 600 psi and 260OC. 

tolerated. 

All of the GTEsponsored data on high temperature elastomers for dynamic 
seals and chemical coupling systems for bonding them to metal substrates will 
be utilized in the GDO effort. 
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CONCLUSIONS 

The DOE Geothermal Materials Program is addressing problems whose solu- 
tions have a short'to moderate term impact on the operation of plants as well 
as conducting long-term R&D designed to have significant impacts on industrial 
viability and productivity in materials performance. Active technology trans- 
fer linkages are established and maintained. 
in the development of the best known high temperature elastomer for geothermal 
service, and several other outputs from the program and are being used or test- 
ed by industry. 

may be used by industry in the very near future. 
ant cements, lost circulation control materials, and nonmetallic heat exchanger 

tubing will require longer development times, but should meet scheduled GTD 
Ob j ec tives . 

To date, the program has resulted 

Current efforts on dynamic seals and lightweight well cements 

Other efforts on CO2-resist- 

1. 

2. 

3. 

4. 

5. 

6. 

7. 
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