


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 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 
 
Portions of this document may be illegible in 
electronic image products.  Images are produced 
from the best available original document. 
 





SAND80-1234 
Unlimited Release 
Printed Ju ly  1980 

Category UC-66c 

GEOTHERMAL DRILLING AND COMPLETION TECHNOLOGY DEVELOPMENT PROGRAM 
QUARTERLY PROGRESS REPORT 

April-June 1980 

Samuel G. Varnado 
Edi tor  

Dr i l l i ng  Technology Division 4741 
Sandia National Laborator ies  

Albuquerque, NM 87185 

\ 

\ 

ABSTRACT 

This repor t  descr ibes  the  progress,  s t a t u s ,  and r e s u l t s  of ongo- 
ing  Research and Development (R&D) wi th in  the  Geothermal D r i l l i n g  
and Completion Technology Development Program. The work reported 
is sponsored by the  Department of Energy/Division of Geothermal 
Energy (DOE/DGE), with program management provided by Sandia Na- 
t i o n a l  Laboratories.  The program emphasizes the  development of 
geothermal d r i l l i n g  hardware, d r i l l i n g  f l u i d s ,  completion tech- 
nology, and l o s t  c i r c u l a t i o n  cont ro l  methods. Advanced d r i l l i n g  
systems are a l s o  under development. The goals  of the program are 
t o  develop the  technology required t o  reduce w e l l  cos t s  by 25% by 
1983 and by 50% by 1987. 
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GEOTHERMAL DRILLING AND COMPLETION TECHNOLOGY DEVELOPMENT PROGRAM 
QUARTERLY PROGRESS REPORT 

W 

. 
April-June 1980 

1 INTRODUCTION 

The high cost of drilling and completing geothermal wells is an 
impediment to the timely development of geothermal resources in the U.S. 
The Division of Geothermal Energy (DGE) of the Department of Energy (DOE) 
has initiated a development program aimed at reducing well costs through 
improvements in the technology used to drill and complete geothermal wells. 
Sandia National Laboratories (SNL) has been selected to manage this program 
for DOE/DGE. 
goals have been set for the program. 
required to reduce well costs by 25% by 1983 and by 50% by 1987. 

Based on analyses of existing well costs, cost reduction 
These are to develop the technology 

To meet these goals, technology development in a wide range of areas 
is required. 
conventional, rotary drilling technology. 
the development of an advanced drilling and completion system. 
the program is emphasizing activities directed at the near-term cost reduc- 
tion goal, but increased emphasis on advanced system development is antici- 
pated as time progresses. 

The program is structured into six sub-elements: Drilling Hardware, 
Drilling Fluids, Completion Technology, Lost Circulation Control Methods, 
Advanced Drilling Systems, and Supporting Technology. Technology develop- 
ment in each of these areas is conducted primarily through contracts with 
pr-ivate Industries and universities . 
nally by Sandia. 

The near-term goal will be approached by improvements in 
The long-term goal will require 

Currently, 

Some projects are conducted inter- 

This report describes the program, status, and results of ongoing R&D 
quarter April-June 1980. hin the program for 

# 

,. 
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20 HIGHLIGHTS ; 

- 

Management -- The semi-annual meeting of the Geot 
Completion Advisory Panel was held 19-20 June 1980 at Texas Tech 
University, Lubbock, Texas. 
separately, 

, 
The minutes af the meeting are being published 

-- A prdject to  assess 
s i n  Sgeothetmal w e l l s  

- The third f i e l d  test of 
t the Nevada Test S i t e  i n  

red during preparation 

- 
I 
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Systems Analysis 

andia completed the definition of the approach to be taken in 
analyzing the progress that the program is making toward achieving its 
goals. In addition, new supportl contracts have been awarded for ( 1 )  the 
development of generic geothermal well plans and characterization of drill- 
ing problems, (2) the development of cost algorithms for drilling opera- 
tions, and (3) a survey of future drilling requirements. 

A paper recently submitted to the Geothermal Resources Council (GKC) 
contained the preliminary- results of the cost impact of specific new tech- 
nologies and the sensitivity of well -costs t o  various drilling parameters. 

The project to develop a method' an algorithm for computing charges 
and rates for drilling .rigs has been completed. 
portance of ,cdmenting costs to total well cost was also completed. 
case study of cementing costs examined the potential impact of technology 
on the reduction of tota 
technologies to improve 
tion would signi 
River ,and Cove F 
and The GeyserslBaca wells as representative of " trouble-f ree" wells . The 
break-even cost for a "perfect technology" that converts a trouble well to 
a trouble-free well is approximately*65% of the original total cementing 

the case of "less 
irculation problem those of the Baca-like well, the break- 

even point is about 20% of the original total cementing cost. 
perfect technolagy" that increases cement costs to 15% of their original 
value would give a 10% cost reduction 'in the total well costs. The com- 
parison of the economics and effectiveness of different method6 of de- 
scaling wells and the computing of the sensitivity of energy costs t o  well 
costs for both direct use and electricity generation were in the final 
stages as this re 

The analysis *of the im- 
The 

ell cost. , The study results indicated that, 
cementing and to avoid or reduce,,lost circula- 

cantly reduce total well 'cost. 
t wells were considered representative of "trouble" wells 

In ,the study, the Raft 

perfect technology" that reduces cementing 

A "less than , 

17 



processes of d r i l l i n g  are represented by IOSYM operations.  
much more general ,  however, s ince  i t  r e t a i n s  most of GASP IV's d i s c r e t e  
event c a p a b i l i t i e s  and permits  easy modeling of continuous processes. 

The language is  

I 

S. Sarem, Union O i l  Company of Cal i forn ia ,  v i s i t e d  Sandia on 15 May 
1980 t o  discuss  Union's use of the  GEOTEMP wellbore thermal s imulat ion 
code. Union has i n s t a l l e d  t h i s  code on i ts  computer and i s  using GEOTEMP 
t o  ca l cu la t e  temperature p r o f i l e s  both i n  muds and cements used i n  geother- 
m a l  w e l l s .  Union requested Sandia 's  a s s i s t ance  i n  debuggi 
Union a l s o  indicated an i n t e r e s t  i n  pursuing j o i n t  researc  
Sandia. The f i r s t  of these a c t i v i t  w i l l  involve Union supplying some 
f i e l d  data f o r  Sandia t o  use i n  cod e r i f i c a t i o n  runs. Since there  are 
very few sources of such data ,  ' t h€s  interchange of information i s  expect 
t o  be of mutual benefi t  t o  Sandia and Union. 

D r i l l i n g  Hardware 

Sandia is a s s i s t i n g  Los Alamos National S c i e n t i f i c  Laboratory (LANSL 
i n  obtaining workable geothermal t u r b o d r i l l s  f o r  the  hot dry rock (HDR) 
pro jec t .  As part of t h i s  e f f o r t ,  two 13.7-cm (5.375-in.) d iameter  t u rb  
d r i l l s  manufactured by Maurer Engineering were t e s t ed  a t  the  D r i l l i n g  
Research Laboratory (DRL), S a l t  Lake City,  Utah, during the  week of 14 
A p r i l  1980. The too l s  w i l l  be used f o r  d r i l l i n g  pa r t  of the  22.2-cm 
(8.75-in.) segments of Wells EE-2 and EE-3 a t  LANSL's Fenton H i l l  site. 
The d r i l l s  were t e s t ed  with t r i cone  b i t s  of the  s i z e  used i n  d r i l l i n g  i n  
Texas pink grani te .  Although similar t o o l s  had previously given substan- 
t i a l  problems with speed cont ro l ,  these turb ines  demonstrated s t a b l e  opera- 
t i o n  a t  moderate speed, 350 t o  400 rpm, and good penet ra t ion  rate, 9.1 t o  
12.2 m/h (30 t o  40 f t / h ) .  The reasons f o r  improved operat ion appeared t o  
be the use of a d i f f e r e n t  b i t  and a sea led ,  lubr ica ted  bearing assembly.' 

A meeting w a s  held on 24 June 1980 between representa t ives  from SNL 
and LANSL t o  discuss  Sandia's f u r t h e r  pa r t i c ipa t ion  i n  the  HDR project .  A 
decis ion was made that Sandia would t r y  t o  obta in  two of the  new 17.8-cm 
(7-in.) geothermal t u r b o d r i l l s  t ha t  have been fabr ica ted  and t e s t ed  by 
Dyna-Drill. These turbines  would be evaluated i n  the  HDR experiment f o r  
comparison with the Maurer t u rbodr i l l .  

Completion Technology 

A meeting was held with T. Muecke, Supervisor of Completions Research, 
a t  Exxon Production Research Company i n  Houston. The f a c i l i t y  t h a t  Exxon 
has b u i l t  fo r  determining the  e f fec t iveness  of mud displacement by cement 
during o i l  w e l l  completion operat ions w a s  described. Exxon has a l s o  devel- 
oped a p ropr i e t a ry  computer code t h a t  models the  non-Newtonian flow charac- 
teristics of these f lu ids .  The f a c i l i t y  s imulates  a wellbore,  and cement - 
and mud can be pumped through it. Once the  cement sets up, the  casing and 
the  core tha t  surrounds it can be sect ioned t o  permit i nves t iga t ion  o 

Hal l iburton research headquarters i n  D lahoma. Hal l iburton con- 
ducts  t h e  tests f o r  Exxon and s u p p l i e s  the  da ta  t o  Exxon f o r  comparison 
with calculated values from t h e i r  p ropr ie ta ry  code. Since casing design 

a 

displacement phenomenon. This test f a  s been constructed a t  LJ 

LE; 



and cementing techni othermal operations, 
facility of a simi 
etions technology 

le to Sandia's com- 
re limit I on the existing 

or use for the next facility is 121OC (250OF). 
two years by Exxon. discuss ions with 
Exxon and Hallibutton 

applications. Sandi enting and lost cir- 
culation material testing was presen 
Completion Advisory 
Plans for constructing the facility are in progress. 

The facili 

7 diameter, higher temperature 

T. Strickland of Republic Geothermal visi Sandia to discuss 
formation damage tests with Sandia and Terra nel. Republic's 

drilled in the East Mesa of 

W. Holman and D. Reynolds of Milchem, Inc., exp an interest in 
the Geothermal Drilling and Completion Technology Program,and a willingness 

m 

f 

code, GEOTEMP. 
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The code will be supplied. 
search, and their participation and- support should be valuable assets to 
the geothermal drilling program. Amoco also agreed to critique Sandia's 
plans for the drill string dynamics study. 

Amoco is an industry leader in drilling re- 

A presentation on mat ial needs for geothermal drilling and comple- 
tions was made to the National Research Council Materials Advisory Board in 
Washington, DC. 
presently limiting geothermal development and to formulate recommendations 
aimed at finding solutions . 

This committee is tasked to identify materials problems 

G 

a recently signed Inter- 
national Cooperative Agreement between the U.S. Department of Energy and 
the New Zealand go nment. 
New Zealand, was v ted on 14-16 April 1980 for discussions with personnel 
from the New Zealand Ministry of Works. In addition, technical discussions 
were held on 18 April 1980 with the geothermal staff of Kingston, Reynolds, 
Thom, and Allardice (KRTA), geothermal consultants in the Philippines. 
KRTA is located in Auckland, New Zealand. Key personnel at the Wairakei 
project were Be Denton, Geothermal Project Engineer, and L. Fooks, 
Investigations Engineer. At KRTA, the primary contact was T. Dobbie, 
Associate for Chemical Engineering. 

The Wairakei Geothermal Project in Wairakei, 

The purpose of this trip was to discuss geothermal drilling and com- 
pletion practices that are currently being used in New Zealand and in the 
Philippines and to present an overview of the DOE/DGE program in geothermal 
drilling and completion technology development. A summary of the discus- 
sions and observations concerning geothermal projects in New Zealand and 
the Philippines follows. 

New Zealand - The problems experienced in New Zealand are different 
from those encountered in The Geysers and other U.S. resources. 
Zealand Ministry of Works is willing to test new bit designs in their 
holes. Because they have a significant amount of experience in these 
formations, it would be in the interest of the U.S. to participate in such 
a joint program. They are also interested in testing some of the new 
high-temperature logging tools recently developed by Sandia. 

The New 

The possibility of one of the engineers from the Wairakei project 
visiting the U.S. and 'working directly with Sandia for a period of 2 to 3 
months in the design and setup of some new experimental testing facilities 
for studying mud displacement by cement was discussed. 
beneficial in that this engineer could bring a great deal of practical 
experience to the ongoing technology developmen 

This would be 

was expressed in 

i 



corrosion on the casing.’ This tool is needed to answer the question of the 
integrity of the casing after the well has been in operation for a period 
of 20 or more years. 

61 

c The Philippines - The basic problems encountered in drilling geother- 
mal wells in the Philippines are lost circulation control and drill string 
dynamics. 
ture conditions are needed. 
ing of drill string dynamics and of the design of shock subs to mitigate 
the vibrations induced in drilling fractured formations is needed. This 
same technology would be useful in designing the bottomhole assembly to 
provide a straight-hole trajectory. 

Materials for controlling lost circulation under high-tempera- 
In addition, the development of an understand- 

KKTA expressed a willingness to approach the government of the 
Philippines for permission to field test some of the new PDC bits being 
developed under the DOE/DGE Geothermal Drilling and Completion Technology 
Program. They felt there was a high probability of obtaining permission. 
Participation in such testing would provide valuable field data for 
comparative purposes. 

Currently used completion procedures have proven to be reasonably 
successful in field operations; however, it is clear that there is a sig- 
nificant lack of understanding of the displacement of mud by cement and of 
the flow of cement in highly fractured formations. Experimental work to 
enhance the level of understanding of the cementing process would be bene- 
ficial to the U.S. geothermal operators as well as overseas operators. 

Reports and Presentations 

A list of significant presentations made and reports published during 
this reporting period is compiled in Appendix A. 





b i t s  and reamers, improved penet ra t ion  
rates and l i f e  are required t o  reduce w e l l  d r i l l i n g  costs.  
achieving these  performance goals  includes the  development and demonstra- 

oncept , the  improvement Qf ex i s t ing  hardware 
. , ' and research i n t o  new materials and on rock- 

f r a c t u r e / c u t t e r  wear mechanisms. 
and develop high-temperature seals and Xubricants f o r  sealed b i t s ;  design 

demonstrate drag ts using poly y s t a l l i n e  diamond compact (PDC) 

The approach t o  

Pro jec ts  are present ly  underway t o  des 

ate, and test prototype, downhole, replaceable  
t igate  rock-fracture/cut ter  wear lpechanisms and the  

e required c u t t i n g  force ,  wear mechanisms, 
The s t a t u s  and progress of these a c t i v i t i e s  and w e a r  rates of PDC 

are described wi th in  

' A completed p r o j  othermal d r i l  
i d e n t i f i e d  new materials f o r  use i n  cr i t ical  areas of conventional r o l l e r -  

high temperatu 
formations S i  rd-generation (MK-111) b i t s  were eva lua ted . in  a geo- 
thermal w e l l  a t  
r i a l  improvements allowed the  MK-I11 b i t s  t o  d r i l l  30% longer before incur- 
r i ng  the  same gage wear as the  conventional b i t s ,  and 70% more hole  was 
d r i l l e d  t o  gage than with a conventional cont ro l  b i t .  Bearing wear w a s  
a l s o  reduced s ign i f i can t ly .  By decreasing the  number of b i t s  needed t o  
d r i l l  a w e l l  and reducing r i g  t i m e  cos t s ,  the  MK-I11 b i t s  are projected t o  
save a m i n i m u m  of 4% of t 11s d r i l l e d  i n  The, Geysers, 

Experiments with hig 

emonstrated improved hardness and toughness at  
extended the  l i f e  of the  b i t s  i n  hard, geothermal 

Geysers along with seven conventional b i t s .  The mate- 

e r a t u r e  seal designs,  materials, and lubr i -  
can ts  f o r  sealed-bearing b i t s  have i d e n t i f i e d  promising sea l / l ub r i can t  
systems f o r  geothermal use. An o i l ,  designated PLX-014, has demonstrated a 
oad-bearing capab i l i t y  a t  31 

rd  rock-bit l ub r i can t  at ro  
1 tes t ed  a t  317 'C (603'F), 
r ry ing  capab i l i t y  somewhat the  o i l ,  s t i l l  exceeded standard 

ubr icant  load c a p a b i l i t i e s  b 
PLX-014 proved compatible w i t  
Teflon-coated Viton materials 
demonstrated i n  seal tests a t  
p r e t e s t  soaking r a t u r e  of 250°C (482'F). A test of 

ran  f o r  76 hours with l i t t l e  leakage observed. 

F), roughly twice t h a t  of the  stan- 
a ture .  A grease vers ion of PLX-014 
wing, as expected, an average load- 

0 th  the  o i l  and grease vers ions of 
eric seals fabr ica ted  from Vitbn and 
i v e s  i n  the  100-hour range were 

I 
t u r e  of 150'C (302'F) following 

* a spring-loaded t h  a Viton s ide-seal  system at  200°C (392°F) 

A prototype of the continuous chain d r i l l  concept, i n  which the  cut- 
ting sur faces  can be replaced without removing the  b i t  from the  hole,  w a s  

Li 



successfu l ly  f i e l d  t e s t ed  i n  d r i l l i n g  g ran i t e  a t  the  Nevada T e s t  S i t e  (NTS) 
i n  June 1979. The chain b i t  d r i l l e d  a t o t a l  of 76 metres (250 f e e t )  with 
s ix  cu t t i ng  sur faces ,  and the  chain was successfu l ly  cycled approximately 
85 times downhole. 
sets were (1) footage d r i l l e d ,  12.7 metres (41.6 f e e t ) ;  (2) weight on b i t ,  
28 kN (6400 pounds); and (3) rate of penetrat ion,  1.2 m/h (4.0 f t / h ) .  A 
second f i e l d  test was conducted i n  September 1979, but i n t e r n a l  hydraulic 
leakage occurred. 
w a s  i n i t i a t e d  i n  June 1980 and w a s  continuing a t  the  c lose  of t h i s  
report ing period. 
the  d r i l l  has a l s o  been i n i t i a t e d .  

The average d r i l l i n g  r e s u l t s  f o r  the  s i x  chain l i n k  

This problem was corrected,and a t h i r d  f i e l d  test a t  NTS 

A parallel  e f f o r t  t o  develop an all-PDC chain l i n k  f o r  

Full-scale drag .b i t s ,  modified t o  use PDC c u t t e r s ,  have been s S- 
f u l l y  demonstrated i n  f i e l d  'tests. 
and the  Smith (S-1, modified), steel-bodied, PDC b i t s  were ' tes ted a t  a 
loca t ion  i n  the  Baca f i e l d ,  New Mexico. Testing was i n  andes i te ,  the  

Geothermal Company of .New Mexico. 
q a t e l y  1676 t o  1707 metres (5500 t o  5600 f e e t ) .  The C-1, hard-matrix b i t  
d r i l l e d  successful ly ,  with penetrat ion rates up t o  0.007 m / s  (85 f t / h )  a t  
b i t  weights up t o  88 964 newtons (20 000 pounds) and ro t a ry  speeds as high 
as 70 rpm. Cut ter  wear w a s  not excessive,  and the  b i t  w a s  s t i l l  usable 
a f t e r  the  test. 
t h a t  of a conventional b i t  was obtained. 
b i t  was found t o  be so aggressive i n  d r i l l i n g  t h i s  formation t h a t  b i t  
weights g rea t e r  than 44 482 newtons (10 000 pounds) could not be used. 
Instantaneous penetrat ion rates as high as 0.014 m / s  (170 f t / h )  were ob- 
ta ined a t  a ro ta ry  speed of 60 rpm. Because these  tests were l i m i t  
approximately 15.2 metres (50 f e e t )  each, b i t  l i f e t i m e  could not be 
establ ished.  

Both the .  Christensen (C-1) hard-matrix 

$ basement formation f o r  the geothermal wells being d r i l l e d  by the  Union 
\ The tests were-run a t  depths of approxi- 

On the  average, a 50% increase i n  pene t ra t ion  rate over 
The S-1, modified, steel-bodied 

Additional f i e l d  t e s t i n g  i s  planned. 

. 

ici 
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4 us Chain B i  . 

1 Laboratories 
Technical Consultant: St. Clair  (505) 844-7678 

Pro jec t  Objective 

The objec t ive  of t h i s  pro jec t  is t o  design, f ab r i ca t e ,  and test a 
prototype downhole replaceable  d r i l l  b i t .  

P ro jec t  S t a tus  

The Prototype 11, Mod 2, continuous chain d r i l l  b i t  f i e l d  tests were 
conducted a t  NTS during the  period 5-20 June 1979. The r e s u l t s  were in- 
cluded i n  the  April-September 1979 Semi-Annual Report. A follow-up f i e l d  
test a t  NTS was i n i t i a t e d  i n  mid-September 1979. Unexpectedly rapid wear 
of the  chain l i n k  cu t t i ng  surfaces  was experienced, and the  tests were 
terminated a f t e r  determination t h a t  f i e l d  repair of the  d r i l l s  could not be 
made. Post- tes t  ana lys i s  of the  Mod 3 chain d r i l l s  revealed that the  mud 
flow channel in both b i t  bodies had ruptured. The f a i l u r e  is believed t o  
have occurred during pre-dr i l l ing ,  sur face ,  cycl ing tests. 

Redesign and f ab r i ca t ion  of two Mod 4 chain d r i l l s  were completed, and 
a t h i r d  f i e l d  test was i n i t i a t e d  i n  June 1980. A p a r a l l e l  e f f o r t  t o  devel- 
op an all-PDC chain l i n k  is continuing. 

Quarter ly  Progress 

All-PDC Chain Link Design - The design of the  f u l l  Stratapax”’ chain 
l i n k  is  progressing. computer opt imizat ion code is being used to l o c a t e  
each Stratapax”’ cut ter  s p a r t  of a computerized graphic d ra f t ing  program. 
The f i n a l  chain l i n k  design is expected t o  provide two options: 
chain l i n k s  wi l l ’have  a tungsten carbide pad f o r  holding the  Stratapax” 
c u t t e r s ,  a pad which w i l l  investment-cast base l i n k ,  o r  (2) 
t he  chain l i n k  w i l l  be a 

(1) t h e  

ur ren t  plans includ 

nvolve the use of Chr i s t  
omputer program develope 

when the  diamond-set n is misaligned. This evaluat ion w i l l  
y computer program and a s p e c i a l  
andia under another project .  

Sandia has developed a computer program f o r  obtaining new diamond coordi- 
nates when the  chain is d isp lace  
Christensen w i l l  use information 

Completion of the  ana lys i s  

s 
off-center with respect to the  b i t  body. 
rom the  computer program i n  t h e i r  analy- 
s expected e a r l y  in the  next report ing 

F ie ld  Test - Preparat ions were completed f o r  the  t h i r d  f i e l d  test of 
the  continuous chain d r i l l  b i t  t o  include (1) rebui lding and static- 
pressure t e s t i n g  the  two chain d r i l l  u n i t s  t ha t  f a i l e d  in the  September 

t6, 



1979 field tests, (2)  manufacturing and assembling new chain links, (3 )  
training a new drilling crew to permit 24-hour’ drilling, and (4) designing 
the instrumentation system to record and display the drilling conditions 
and results. The field test began on 12 June 1980. Hole stability 
problems were encountered during preparation of the hole for the tests, and 
completion of the field test was in process at the close of the quarter. 

. -  
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4.2 Seal  and Lubricant Development f o r  Geothermal Rock B i t s  
_ .  

Contractor: 

Contract  period 

The objec t ive  of t h i s  pro jec t  is t o  design and .develop improved tri- 
cone roller b i t s -  t ions.  The pro jec t  has two th rus t s :  
(1) t o  s u b s t i t u t e  
t o  develop high-t 

lubr ica ted  k a r i n g s  and (2) 
,~ 

ted bearings . 
I .  

peratures  have e simulated 

f ab r i ca t ed  t o  simulate 

and resu l t s  comp 
Spring-loaded face,  sea 

Lubricant sc reeni  roducts from 



Quar t e r ly  Progress 

Elastomeric Sea ls  - Trip-in-simulation seal tests were run on seals 
made of a propr ie ta ry  compound from Utex Indus t r ies ,  Inc., known as HTCR. 
One seal survived a 2-hour soak a t  288°C (550°F), followed by 120 hours of 
ro t a t ion  a t  90 rpm at  150°C (302°F) with abrasives  and mechanical eccent r i -  
c i t ies  present.  The soak temperature was increased t o  302°C (575°F) f o r  
the  second test, and the  seal f a i l e d  a f t e r  5 hours of ro ta t ion .  The soak 
temperature l i m i t  therefore  lies between 288" and 302°C (550" and 575°F). 
The performance of HTCR is  equivalent t o  the  L'Garde, Inc., 267-11-35 EPDM, 
t he  Utex Indus t r i e s ,  Inc., RD-227 and RD-231, and the Sandia Teflon-coated 
Viton seals. 

L'Garde, Inc., supplied a new batch of EPDM seals t h a t  d i f f e r e d - i n  
composition from the  o r i g i n a l  batch known' as 267-11-35. The designat ion of 
the  new batch was  changed t o  2-267. The f i r s t  test attempted with t h i s  
seal w a s  terminated due to  equipment malfunction. Subsequently, a t r ip- in-  
s imulat ion seal test w a s  run using a 288°C (550°F), 2-hour soak, followed 
by ro t a t ion  a t  150°C (302°F). Fa i lu re  occurred a f t e r  33 hours of ro ta t ion ;  
t h i s  performance compared unfavorably with the  previous L'Garde 267-11-35 
seal, which ran f o r  104 hours. The 2-267 w a s  e s s e n t i a l l y  unaffected by the  
temperature, pressure, o r  lubr icant  . 
95 t o  92, Shore A, and the sur face  was f r e e  of cracks and discolorat ion.  
The s e a l  f a i l e d  due t o  abrasive wear on the  in s ide  diameter (i.d.) and a l s o  
seized t o  the  sha f t ,  causing abrasive damage t o  the  top. 

The durometer dropped only 3 poin ts ,  

Radial  Lip Sea l  - Three tests were run on the  Fluorocarbon, Inc., 
r a d i a l  l i p  seal using soak temperatures of 250" t o  288°C (482" t o  550°F). 
I n  a l l  tests, the  seals held pressure a t  ambient temperature but not a t  
test temperature. Upon examination, it was observed that the  two seals 
t h a t  soaked at 288°C (550°F) had l o s t  near ly  a l l  compression; the  one seal 
soaked a t  250°C (482°F) re ta ined  7.0% of i t s  o r i g i n a l  compression. 
the  tests were continued f o r  approximately 10 hours i n  order  t o  evaluate  
cu t t i ngs  damage; none w a s  observed. No f u r t h e r  development is  recommended 
f o r  t h i s  seal. Although the exact f a i l u r e  mode has not been determined f o r  
a l l  cases, the  dimensional s t a b i l i t y  of the  p l a s t i c  seal body l i m i t s  t he  
maximum soak temperature t o  less than 250 "C (482 OF). 

Two of 

Metal Bellows Face Sea l  -- Four tests were run to  determine the  wear 
Leakage rates tended t o  and leakage rates f o r  the  primary seal surfaces.  

increase  with temperature acd became excessive above 200°C (392°F). Two 
l i f e  tests were run at temperature, using The Geysers abrasives .  The f i r s t  
test was run a t  200°C ( 2°F) f o r  82 hours; the  second test was run f o r  99 
hours at 250 "C (482 OF). Both tests caused excessive wearing of the  CBS-600 
carburized steel "lug" surface: approximately 0.5 mm (0.019 in.) and 0.9 
mm (0.035 in.) ,  respect ively.  
coat ing on the  seal rings was undamaged. A more wear-resistant su r face  
material is required t o  pro tec t  the  "lug" sea l ing  surface.  The 99-hour 
test u t i l i z e d  an i n i t i a l  2-hour soak a t  350°C (660°F). 
sp r ings  , bellows, o r  seal r ing  w a s  observed. 

I n  both cases, the  chrome oxide plasma 

No damage t o  the  
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bi Lubricant Development - The Pacer&Lubricants,  Inc., PLX-40 Se r i e s  w a s  
designed t o  evaluate  the  e f f e c t s  of molecular weight and suspended s o l i d s  
on the  load-bearing a b i l i t y  of very-high-viscosity, synthe t ic ,  hydrocarbon 
o i l s .  
best  lubr icant  previously t e s t ed ,  

Four of the  f i v e  grades were evaluated and are compared with the  
acer  Geobond, i n  Table 1. 

Table 1 

Load-Carrying Capacity of Five Elastomer-Compatible O i l s  
f o r  Geothermal Journal-Type Rock B i t s ,  a t  316OC (600OF) 

* 
Load Capacity 

Designation MPa ( k s i )  

Geobond O i l  190 (40.4) Y e  73 (10.6) 

PLX-042 180 (38.3) Y e  64 ( 9.3) 

PLX-043 290 (62.1) No 63 ( 9.1) 

PLX-044 280 (60.0) No 66 ( 9.5) 

PLX-045 ~ 313 (67.5) NO 69 (10.0) 

PLX-046 466 (100) , No 21 ( 3.0) 
I * 

It universa l  seconds (SUS) at  99OC (210°F), o r  cen t i s tokes  
(CST) a t  100°C (212OF). 

The following observations can be made f r o  these tests and the  re- 
s u l t s  shorn i n  Table 1: 

s o l i d s  are not necessary, 
- .-- 

2. Higher -molecu e ight  has a s l i g h t  

3. Performance o X-046, exceeds the  

4. Full-scale geotherm 

design r equ i r  

h-viscosity o i l s ,  as w e l l  as on Geobond o i l  and Geobond 
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Designation 

Conventional 
bit lubricant 

PLX - 014 
PLX - 014 
PLX - 022 
PLX - 024 
PLX - 043 
PLX - 045 

Type 

Grease 
Oil 

Grease 
Oil 
Oil 
Oil 
0i 1 

* 

Table 2 

Lubricants Recommended 

** 
viscosity 
sus (CSTj 
or Weight 

NLGI No. 1 

190 (40.4) 

NLGl No. 2 

180 (3b.3) 

28b (61.4) 

290 (62.1) 

313 (67.5) 

Elastomer 
Compatibility 
at Temperature 

No 
Yes 
Yes 
No 

Yes 
Yes 

, Yes 

* Available commercially as Geobond grease. ** Saybolt universal seconds at W 0 C *  (21U°F), or 

for Field Testing 

Test 
Suspended Temperature 
Solids OC (OF) 

Yes 30 (86) 

Yes 316 (600) 
Yes 31b (600) 

Yes ,316 (600) 

Yes 316 (600) 

No 316 (600) 
No 316 (60U) 

centistrokes at l W 0 C  (212OF). 

Load 
Capacity 

Number 
Of 

30 

73 

62 

81 

69 

63 

by 

“’(4.3) 

15 

10 \ 

(11.7) 12 

(10.0) 3 

(9.1) 
(10.0) 

I’ I - 
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4.3 Geothermal Polycrys ta l l ine  Diamond Compact ei D r i l l - B i t  Development 

J 

Contractor:  

P r inc ipa l  Znvesti 
Contract Period: 
Contract Number: 

General Electric Company, Corporate 

L. E. Hibbs, Jr. (518) 385-8330 
30 June 1976 t o  31 May 1980 
DE-AC04-76ET27142 

Technical Consultant: D. Wesenberg (505) 844-0129 

*Research and Development (CRD) 
.gator:  

The o v e r a l l  ob jec t ive  of t h i s  pro jec t  is to develop and demonstrate 
the  performance of a new type of d r i l l - b i t  design that w i l l  provide in- 
creased penet ra t ion  rates and/or longer b i t  l i f e  with high-pressure, s in-  
te red ,  PDCs f o r  the  c u t t i n g  edges. The scope of t h i s  cont rac t  includes 
instrumented rock-cutting experiments, diamond compact wear and f a i l u r e  

fu l l - s ca l e  labora tory  t e s t i n g ,  and f i e l d  tes t ing .  
l y s i s ,  rock removal modeling s tud ie s ,  b i t  design and construct ion,  

Pro jec t  , Sta tus  

From experim on the  cu t t i ng  of rock with 
ind iv idua l  PDC c u t t e r s ,  a pred ic t ive  capab i l i t y  has been e 
the  performance o f '  f u l l - s ca l e  b i t s .  This capab i l i t y  has b 
wi th  laboratory t e s t i n g  of f u l l  b i t s .  
simulated downhole con ions,  and the  data  have been analyzed. The rede- 
s ign  and f ab r i ca t ion  o he S-ls modified, b i t ,  necess i ta ted  by the  catas- 

' t rophic  f a i l u r e  during e November 1978 f i e l d  test, has been completed. 
Both the  S-1, modified, b i t  and the  C-1, 
t e s t e d  i n  the  Baca f i e l d ,  New Mexico, i n  October 1979. 

Single-cutter tests have been run a t  

ast ,  hard-matrix b i t  were f i e l d  
The S-1 b i t  demon- 

- s 

1 sign, aimed at reducing c u t t e r  and gage wear but r e t a in ing  the  basic  

hd *Registered Trademark of the  General Electric Company, U.S.A. 



, c u t t i n g  s t r u c t u r e  which performed w e l l  i n  the Baca f i e l d  test i n  October 
1979. The e igh t  changes w i l l  be as follows: 

1. Twenty-six c u t t e r s ,  Nos. 13 throug 8 ,  w i l l  be a t tached  t o  
-25 "-back-rake, 25O-end-clearanbe , cemented, tungsten carb ide  
s tuds ,  replacing the  -20°-back-rake, 5'-end-clearance s tuds  used 
previously. 
and 3 g ive  the s tud  spec i f i ca t ions .  

Figure 1 i d e n t i f i e s  c u t t e r  l oca t ions  and Figures 2 

2. The pos i t i ons  of c u t t e r s  Nos. 31 through 34 w i l l  be moved 
s l i g h t l y ,  both r a d i a l l y  and v e r t i c a l l y ,  t o  ob ta in  better bottom- 
hole coverage and eliminate t h e  t racking  conf igura t ion  used o r ig i -  
nally.  Figure 4 shows the o r i g i n a l  cutter p ro f i l e .  

3. The e igh t  No. 2399 Stratapax'" blanks t h a t  were mounted f l u s h  wi th  
t h e  b i t  side-ribs t o  serve  as wear pads w i l l  be Increased t o  16 
blanks per b i t ,  mounted i n  groups of four. In  addi t ion ,  four  No. 
2399 Stratapax" blanks per b i t  w i l l  be pressed i n t o  the  junk s l o t  
walls so t h a t  the diamond l a y e r s  extend past t he  b i t  body ou t s ide  
surface.  These w i l l  be ground f l u s h  with the b i t  body t o  act as4- 
trimers t o  maintain the hole  gage. 

shown i n  Figure 5, w i l l  be p re s s - f i t t ed  in to  the  s i d e s  of each 
b i t .  I f  necessary, these trimers W i l l  be ground a f t e r  assembly 
t o  assure  t h a t  they are accura t e ly  on gage. 

The b i t  body corners behind c u t t e r s  Nos. 35 through 38 w i l l  be 
. r e l i e v e d ,  and add i t iona l  junk s l o t s  w i l l  be provided t o  improve 
t h e  cooling of these diamond compact c u t t e r s .  

60 The maximum c u t t e r  stand-off, i.e., t h e  height above the  b i t  body, 
w i l l  be reduced from 13.20 mm t o  8.89 mm (0.520 in.  t o  0.350 in.) ,  

- using Smith Tool's eccen t r i c  counter-bore techriique.* This change 
w i l l  increase  the  s tud  support and reduce the  chance of s tud  
breakage without s i g n i f i c a n t l y  reducing the  maximum t h e o r e t i c a l  
b i t  pene t ra t ion  rate. 

Nozzle attachment w i l l  be improved t o  assure  t h a t  no nozzles can 

4. Four l a r g e r ,  No. 2532, stud-mounted Stratapax'" gage trimers, 

5. 

7. 

8. For two of the four b i t s ,  c u t t e r s  Nos. 35 through 38 w i l l  be 
located so t h a t  t he  edge of t h e  Stratapax" diamond l a y e r  i s  tan- 
gent t o  the  outs ide  diameter of the  b i t .  These b i t s  w i l l  be 
designated Type No. S-2, modif icat ion A. On the  remaining two 
b i t s ,  c u t t e r s  Nos. 35 through 38 w i l l  be loca ted  so t h a t  t he  ed 
of t he  Stratapax" diamond l a y e r  extends a t  least 1.27 m (0.0SO 
in.)  beyond the outs ide  diameter c u t t e r  press  f i t t i n g .  
c u t t e r s  w i l l  then be ground so t h a t  t h e  f l a t  edge that i s  gener- 
a t ed  w i l l  be on gage. 

' become detached during d r i l l i n g .  

These 

These b i t s  w i l l  be designated Type Nor S-2, 
I modif icat ion B. 

* 
William Baker, "Design Considerations f o r  Stud-Type Stratapax" Blank 

Bits," SI1 Smith Tool, I m i n e ,  CAS presented a t  t h e  Energy-Sources 
Technology Conference and Exhibit ion,  3-7 February 1980, New Orleans, LA. 

6' 

I 

. 
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Figure 1. New Type No. S-2, Modification B, Stratapax” Bit Design 
W 
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Figure 2. 
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MATERIAL: CARBOLOY GRADE 5 5 B  

Cutter Stud Specifications; -25O Back Rake, 
-25" End Clearance 



. 

Figure 3. Cutter Stud Specification; -20" Back Rake, 
5' End Clearance 
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CUTTERS TO BE REPOSITIONED 

Figure 4. Cross Section of Half of Bit S-1 Showing Original 
Profile of Cutter Envelope. Four cutters, 31 through 
3 4 ,  will be repositioned in the S-2 design to obtain 
improved coverage and eliminate "tracking." 
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An adequate supply of the  -25"-back-rake s tuds  has been assured. One 
hundred s tuds purchased from Securi ty  Division, Dresser Indus t r ies ,  have 
been received, and an addi t iona l  20 w i l l  be supplied by Sandia. 

The D r i l l i n g  Technology Division, Sandia National Laboratories,  has 
perfected the  tool ing and technique f o r  p re s s - f i t t i ng  the  -25'-back-rake 
carbide s tuds  i n t o  s t ee l -b i t  bodies. This operat ion is somewhat more 
d i f f i c u l t  than pressing the  conventional -20°-back-rake, 5'-end-clearance 
stud. I f  necessary, Smith Tool personnel w i l l  be in s t ruc t ed  i n  the Sandia 
in t e r f e rence  f i t t i n g  method i n  order t o  f a b r i c a t e  the  b i t s  without damaging 
the  s tuds  and at tached Stratapax" d r i l l  blanks. 

The two No. S-2A b i t s  are intended f o r  t e s t i n g  i n  e Baca f i e l d ,  New 
Mexico, and w i l l  be completed by 1 J u l y  1980. The two No. S-2B b i t s  are 
designated f o r  f i e l d  tests i n  a i r  at The Geysers, Cal i forn ia ,  and w i l l  be 
del ivered by 15 August 1980. One add i t iona l  modification w i l l  be made t o  
both b i t  types; one more Stratapax" blank c u t t e r  with a -25' rake w i l l  be 
added t o  the  primary c u t t i n g  s t r u c t u r e  i n  order t o  maintain a uniform 
bottomhole cu t t i ng  p r o f i l e  while the  b i t  increased t o  22.2 cm (8.75 in.)  
diameter . 

The addi t iona l  funding necessary t o  f a b r i c a t e  two more b i t s  than w e r e  
o r i g i n a l l y  planned f o r  t h i s  program has been made ava i lab le .  Christensen, 
Inc., S a l t  Lake City,  Utah , w i l l  f a b r i c a t e  the two 22.2-cm (8.75-in.) 
Stratapax" b i t s .  Christensen agreed t o  make design modifications t o  t h e i r  
basic  JD-26, 10-wing-bit design; the  modifications w i l l  include extending 
the  Stratapax" blanks down the  gage and enlarging the  t o t a l  nozzle area t o  
reduce the  b i t  pressure drop t o  the  low values required f o r  a i r  and 
aerated-water d r i l l i n g .  

The f i e l d  tests i n  the  Baca f i e l d ,  New Mexico, have been t e n t a t i v e l y  
rescheduled f o r  Ju ly  by Union Geothermal Company of New Mexico. D r i l l i n g  
a c t i v i t y  i n  the Baca f i e l d  has been delayed by environmental impact prob- 
l e m s ,  but reso lu t ion  of these issues is  expected i n  the  near fu ture .  

According t o  Union Geothermal Division, Union O i l  Company, Santa Rosa, 
Cal i forn ia ,  scheduling the  a i r - d r i l l i n g  f i e l d  tests a t  The Geysers poses no 
problems. These tests have been t e n t a t i v e l y  scheduled f o r  August 1980 
because (1) Smith Tool could not guarantee de l ivery  of the  b i t s  before then 
and (2) i t  is des i rab le  t o  complete the tests i n  the  hydrothermal resource 
f i e l d  i n  New Mexico, d r i l l i n g  with aera ted  water, before attempting the  
f i e l d  .tests d r i l l i n g  with a i r  alone. However, i f  fu r the r  delays of the  
Baca f i e l d  tests are encountered, The Geysers test da te  may be moved up, 
and d r i l l i n g  w i l l  be conducted i n  t h a t  area f i r s t ,  using the  No. S-2A b i t s .  

Due t o  the  unavoidable delays i n  scheduling f i e l d  tests, an extension 
of the  pro jec t  schedule is i n  process. 
the f i n a l  f i e l d  t e s t i n g  phase have been completed, preparat ion of a d r a f t  
f i n a l  report  has been i n i t i a t e d .  

Since experimental t asks  o ther  than 
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4.4 Wear Mechanisms f o r  Polycrys ta l l ine  Diamond Compacts as 
Ut i l ized  f o r  D r i l l i n g  i n  Geothermal Environments L, 

Contractor:  General Electric Company, CRD 
T Pr inc ipa l  Inves bs, Jr. (518) 385-8330 

Contract Period : 
Contract Number: I 3-9406 (Sandia) 
Technical Consulta rg  ( 5 0 5 )  844-0129 

6 November 1979 t o  6 December 1980 

1 

Pro jec t  Objective 

The ob jec t ive  o i s  projec t  is to, provide technica l  a s s i s t ance  
during Sandia's evaluat ion of the  performance of PDCs i n  d r i l l  b i t s  f o r  use 
i n  geothermal environments. The technica l  support w i l l  concern (1) t he  
determination of t h e  e f f e c t s  of d r i l l i n g  f l u i d s  on the  required c u t t i n g  

of the  rock f r a c t u r e  mechanism as a funct ion of cu t t i ng  edge configuration. 

hanisms, and wear rates of PDC c u t t e r s  and (2) consul ta t ion  
e and c u t t e r  wear mechanisms i n  the  development of a model 

i on  of the pr t a c t i v i t i e s  with r e l a t ed  work and p a r t i c i -  
pat ing 0rganiz"ations has been completed. 
t ies  and equipment w a s  nearing completion, and i n i t i a t i o n  of s ing le-cu t te r  

Preparat ion of the  test f a c i l i -  

ear the  end of t h i s  report ing period. 
f o r  use i n  the  PDC c u t t e r  tests has been 

Pro- 
i 

Quarter ly  Progress 

-- Full-scale d r i l l i n g  tests using preheated 
ornia ,  condi t ions 

was a hard-m 

' .  a downhole motor 
t o  d r i l l  re1 le. The back rake 
f o r  the diamond compact c u t t e r s  w a s  -7'. 
carat , were mounted on the  The b i t  face  had nine f l u i d  por t s  with a 
t o t a l  nozzle area of 6.5 

I 
Natural  diamond s tones,  2 stones/  

-L4 
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econd b i t  t e s t ed  was the  S-1, modified, steel-body, stud-type, 
Stratapax” b i t  fabr ica ted  by Smith Tool, I rv ine ,  Cal i forn ia ,  and success- 
f u l l y  t e s t ed  i n  October 1979 i n  the  Baca f i e l d ,  New Mexico. This b i t  w a s  
r e b u i l t  a t  SNL. 
with new Stratapax”/stud assemblies, which included two -25’-back-rake 
steel s tuds with diffusion-bonded cu t t e r s .  The assemblies included t 
-25’-back-rake tungsten carbide s tuds  with LS* (brazed) bonded c u t t e r s  and 
two of the older  s t y l e  -20P-back-rake tungsten carbide s tuds  with LS* 
(brazed) bonded cu t t e r s .  This latter s tud  design and c u t t e r  attachment w a s  
the  one used i n i t i a l l y  f o r  t h i s  b i t ;  hence, the c u t t i n g  s t r u c t u r e  of t he  
r e b u i l t  b i t  consis ted of 33 -20’-back-rake brazed c u t t e r s ,  3 -25O-back-rake 

shows the cu t t i ng  s t ruc tu re  of the  b i t  with the loca t ions  of the  c u t t e r s  
i n s t a l l e d  by Sandia. Figures 2 and 3 i n  Sect ion 4.3 i l l u s t r a t e  the  s tud  
designs used. 

Seven worn Stratapax” c u t t e r s  were removed and replaced 

brazed c u t t e r s ,  and 2 -25’-back-rake diffusion-bonded cu t t e r s .  Figure 6 

The a i r  f o r  the  d r i l l i n g  experiments was obtained from a compressor 
provided by the  Western Air Dr i l l i ng  Service Co., Grand Junction, Colorado. 
An a i r  flow of 0.94 m 3 / s  (2000 f t3/min)  was desired to  f simulate The 
Geysers d r i l l i n g  conditions.  However, the  pressure i n  t ystem had t o  be 
kept a t  1.7 MPa (250 p s i )  o r  less i n  order t o  avoid damaging the  gas heat 
exchanger-and the d r i l l i n g  swivel. Therefore, the  a i r  flow was a maximum 
of 0.46 m 3 / s  (983 ft’/min), with most tests being run a t  0.43 m 3 / s  
(916 ft3/min.). 
obtained, which is w e l l  above The Geysers’ bottomhole temperature. 

A maximum input air  temperature of 263’C (505°F) was 

Three rock types were used: Carthage marble, Nugget sandstone, and 
S ie r r a  white gran i te .  The p r inc ipa l  rock of i n t e r e s t  was the  sandstone, 
because of its abrasiveness and its moderately high s t r eng th  and u l t imate  
compressive s t rength  of approximately 124 MPa (18 000 ps i ) .  The g r a n i t e  
was used t o  test the  stud-type b i t  t o  des t ruc t ion  a f t e r  the  sandstone 
experiments had been completed. 

Christensen J D  23-P B i t  Tests 

The J D  23-P b i t  w a s  t e s t ed  i n  marble f i r s t  and, subsequently, i n  
Nugget sandstone. Three l e v e l s  of speed and weight on b i t  were used. The 
r e s u l t s  of these experiments are summarized i n  Table 3. The penet ra t ion  
rate-weight on b i t  r e l a t ionsh ips  are shown i n  Figure 7. The b i t  performed 
w e l l  i n  both rocks and, i n  the  sandstone, a t t a i n e d  a maximum d r i l l i n g  rate 
of 26.1 m/h (85.7 f t / h )  at 50 rpm and a weight on b i t  of 44.5 kN 
(10 000 lb) .  However, severe damage was done t o  the  f i v e  gage Stratapax’” 
c u t t e r s  a f t e r  the d r i l l i n g  of a s i n g l e  hole approximately 0.9 metre 
( 3  f e e t )  deep i n  the  sandstone. 
diamond layer  and markedly worn. 
b i t  exhibi ted any damage. 
f i c i e n t  negative rake,  which f a i l e d  t o  keep the  b r i t t l e  diamond l aye r  i n  
compression. 

These c u t t e r s  were badly spa l l ed  i n  the  
No o ther  diamond compact cutters i n  t h i s  

The spa l l i ng  damage was apparently due t o  insuf- 

*LS bonding is a brazing process t h a t  incorporates  cooling of the  
Stratapax’” compacts as the compacts are induction-brazed t o  the  tungsten 
carbide s tuds.  
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T e s t  Rock 
NO Type - 
1 Carthage 

marble 

1 Carthage 
marble 

1 Carthage 
marble 

2 Nugget 
sandstone 

2 Nugget 
sandstone 

2 Nugget, 
sandstone 

Hole 
NO. 

1 

- 

1 

1 

1 

1 

1 

Table 3 

J D  23-P Hard-Matrix Stratapaxm B i t  A i r  Drill ing T e s t  Results 

Speed 
tpm 

25 

25 
25 

38 
38 
38 

49 
49 

25 
25 
25 

38 
38 
38 

50 
50 

50 

Weight on B i t  
N x lo3 ( l b  x lo3) 

22.2 

33.4 
44.5 

22.2 

33.4 
44.5 

22.2 
33.4 

22.2 

33.4 
44.5 

22.2 
33.4 
44.5 

22.2 
33.4 

44.5 

Penetration 
Rate 

m/h ( f t / h )  

9.1 (30.0) 

12.3 (40.2) 
13.8 (45.4) 

10.5 (34.5) 
16.0 (52.5) 
20.1 , (66.0) 

14.1 (46.3) 
22.2 (72.8) 

8.8 (29.0) 
14.6 (48.0) 
17.4 (57.1) 

7.6 (24.8) 
15.9 (52.2) 

8.3 (27.3) 
18.9 (62.1) 
26.1 (85.7) 

A i r  

Torque Temperature 
N*m ( l b f - f t )  O C  (OF) 

2 034 (1 500) 220 (428) 
3 051 (2 250) 207 (405) 
4 406 (3 250) 204 (399) 

2 102 (1 550) 205 (401) 
3 186 (2 350) 205 (401) 
4 067 (3 000) 205 (401) 

2 034 (1 500) 206 (403) 
3 118 (2 300) 206 (403) 

2 305 (1 700) 248 (478) 
3 390 (2 500) 248 (478) 
4 067 (3 000) 248 (478) 

2 373 (1 750) 249 (480) 
4 203 (3 100) 249 (480) 
5 423 (4 000) 248 (478) 

2 034 (1 500) 249 (480) 
3 796 (2 800) 249 (480) 
5 152 (3 800) 249 (480) 

Flow 
m / s  (ft3/min) 

0.45 
0.45 
0.45 

0.45 
0.45 
0.45 

0.45 
0.45 

0.46 
0.46 
0.46 

0.46 
0.46 
0.46 

0.46 
0.46 
0.46 

t c 



27.4 
(90) 

24.4 

n 1.3 
r . (70) 
\ 
c, cc 
U 

CARTHAGE MARBLE 

27.4 
(90) 

6.1 

I '  1 ,  c 

(*O) 22.2 33.4 44.5 
(5.0) (7.5) (10.0) 

WEIGHT ON B I T  (WOB), N (lb) x lo3 

Figure 7. Penetration Rate versus Weight on Bit Test Results 
for Christensen JD 23-P Bit Drilling Carthage 
Marble and Nugget Sandstone 



After the  gage c u t t e r  w e a r  was  observed, no the r  t e s t i n g  w a s  done 
with the  hard-matrix Stratapax'" b i t  i n  order t o  avoid damaging it beyond b 
r epa i r  . 

.. 
The stud-type, steel-body b i t  w a s  t e s t ed  u s i  th ree  rock types. 

One hole was d r i l l e d  i n  Carthage marble, four  hol Nugget sandstone, 
and t w g  i n  S ie r r a  white grani te .  A l l  the  S-1 b i t  
0.43-m /s  (916-ft"min) a i r  flow, with the  input 
i n  the  240" t o  263°C (464' t o  505°F) range i n  mos 

were run with a 
temperature maintained 

The Carthage marble r e s u l t s  and the  r e s u l t s  of f i r s t  test i n  
Nugget sandstone are summarized i n  Table 4. 
weight on b i t  was varied from a minimum of 17,8 kN (4000 l b )  i n  marble t o  a 
maximum of 77.8 kN (17 500 l b )  i n  sandstone. The penetrat ion rate-weight 
on b i t  r e l a t ionsh ips  are shown i n  Figures 8 and 9. 

Three speeds were used, and 

No diamond compact c u t t e r  wear was observed a f t e r  the  f i r s t  hole was 
d r i l l e d  i n  the  sandstone. Therefore, th ree  more holes were d r i l l e d  i n  an 
e f f o r t  t o  create some measurable wear. These tests were performed a t  50 
rpm, with constant weight on b i t .  
(10 000 lb) on the  b i t ,  followed by two holes  with 66.7 kN (15 000 l b )  on 
the  b i t .  For each of these constant-speed, constant-weight-on-bit tests, 
the  penetrat ion rate gradually and s t e a d i l y  decreased as the  hole  depth 
increased. This r e s u l t  is i l l u s t r a t e d  i n  Table 5, where the  pene t ra t ion  
rate is given f o r  the  f i r s t  and las t  10.2 c m  (4 in . )  d r i l l e d  i n  each in- 
s tance.  After the  completion of the  four th  hole  i n  sandstone, the  b i t  was 
remove6 from the  d r i l l  stand f o r  examination. Again, no measurable wear of 
the  diamond compacts was apparent. The -25"-back-rake c u t t e r s  on the gage 
( c u t t e r s  Nos. 35, 36, 37,.and 38) were s t i l l  sharp and i n  e s s e n t i a l l y  new 
condition. Thus, c u t t e r  du l l ing  was not responsible  f o r  the  decreasing 
penetrat ion rates. However, a s i g n i f i c a n t  degree of .carbide-s tud wear f o r  
c u t t e r s  on the  crown of the  b i t  had taken place. For example, the  s tud f o r  
c u t t e r  No. 24, which w a s  a new, -20O-rake s tud,  w a s  markedly worn on one 
s i d e ,  behind the Stratapax'" blank. Other s tuds  on the  crown showed similar 
wear pat terns .  Apparently the  development of wear f l a t s  on these s tuds ,  
which do not have s u f f i c i e n t  end and s ide  clearance,  was p a r t l y  responsible  
f o r  reducing the  penetrat ion rate. 
tests Nos. 6 and 7 ,  might a l so  lead to  the  conclusion t h a t  the  lower sec- 
t i o n  of the  sandstone block w a s  harder than the  upper portion. 

One hole was d r i l l e d  with 44.5 kN 

Examination of the  da ta  i n  Table 5, 

The S-1, modified, b i t  was then t e s t ed  by d r i l l i n g  S ie r r a  white gran 
ite. Two holes were d r i l l e d ,  each a t  two speeds (25 and 50 rpm) a t  weights 
on b i t  from 44.5 t o  155.7 kN (10 000 t o  35 000 lb). The test r e s u l t s  are 
sumar i zed  i n  Table 6. The b i t  d r i l l e d  the  f i r s t  hole slowly ( T e s t  No. 8). 
Examination of the b i t  a f t e r  the  d r i l l i n g  of t h i s  hole showed the  develop- 
ment of s ign i f i can t  wear of some of the  diamond compact c u t t e r s .  There was 
some loca l ized  bluing of the b i t  body near the  gage, i nd ica t ing  t h a t  high 
f r i c t i o n a l  heat was generated. 
repeated f o r  the  second hole i n  the  gran i te .  The da ta  i n  Table 6 show t h a t  
the  b i t  began to  f a i l  ca t a s t roph ica l ly  a t  50 rpm and 155.7 kN (35 000 l b )  
weight on b i t .  Examination of the  b i t  a f t e r  T e s t  No. 9 showed t h a t  12 
Stratapax'" d r i l l  blanks had become detached. Eleven of these c u t t e r s  were 

The condi t ions used f o r  Test'No. 8 were 
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1 
I 

I 
, 

~ 

I 
I 

- 
, 
I ir Drilling Test Results . Weights on B i t  

i 
I Air 

on Penetration 
Test. Rock Hole Speed B i t  Rate Torque Temperature . Flow - No. Type No. rpm N x IO3 ( l b  x IO3) m/h ( f t /h )  Nom (Ibf.fr.) 'C ( O F )  m 3 I s  (ft3Imin) 

3 Carthage 2 25 17.8 4.0) (8.7) 1 152 (850)  249 (480) 0.43 (916)  

25 26.7 6.0) (13.4) 1 491 (1 100) 249 (460) 0.43 (916) 

25 35.6 8.0) (16.5) 1 898 (1 400) 249 (480)  0.43 (916) 

marble 

25 44.5 

25 53.4 

3 Catthage 2 38 17.8 
38 26.7 850) 252 (486) '  0.43 (Y16) 

38 . 35.6 150) 252 (486)  0.43 (91b) 

marble 

38 53.4 

3 Carthage 2 3.9 (12.8) 81 600) 257 (495)  0.43 (Y16) 
marble 

4 Nugget 2 25 26.7 (950) 258 (496)  0.43 (916) 
sand 8 tone 

2 38 26.7 00 )  260 (500) , 0.43 (916) 
38 44.5 

38 55.6 

(2  850)  260 (500)  Om43 (91b) 

4 Nugget 2 50 26.7 4.4 (14.4) 1 356 ( 1  

50 44.5 sand stone 
- 

c 
260 (500) 0.43 (916) 
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w 
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2 

I- 

t- 
W z 
w 

3 

n 

CARTHAGE MARBLE 

0 22.2 
(5.0) 

44.5 
(10.0) 

WEIGHT ON B I T  (WOB), N ( l b )  x lo3 

66.7 
(15.0) 

Figure 8. Penetration Rate versus Weight on Bit Test Results 
for S-1, Modified, Bit Drilling Carthage Marble 
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S-1, Modified, Stratapaxm B i t  A i r  Dri l l ing Tests i n  
Nugget Sandstone a t  Constant Speed and Constant Weight on B i t  

Weight 
on Penetration 

Test Hole Section Speed B i t  Rate Torque Temperature F l o w  - -  No. No. of Hole rpm N x lo3 (lb x 10') m/h (ft/h) N.m (1bf.ft) O C  (OF) m3/s (ft3/min) 
5 3 First 10.2 cm (4 in.) 50 44.5 (10) 8.6 (28.1) 2 034 (1 500) 262 (504) 0.43 (916) 

9 3 Last 10.2 cm (4 in.) 50 44.5 (10) 5.4 (17.8) 1 6 2 7 '  (1 200) 262 (504) 0.43 (916) 



5 0  155.7 ( 3 5 )  0.7 ( 2 . 3 )  4 406 ( 3  250)  240 ( 4 6 4 )  0.43 (916 )  

* 
,,Torque was e r r a t i c  a t  these operating condit ions .  

Flame-out in gas f i r e d  heat exchanger. Ln 
4 
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recovered i n t a c t  from a parking l o t  adjacent t o  the  test site, where the  
hclt air  exhaust had e jec ted  them. 

The condition of the four  gage c u t t e r s ,  Nos. 35 ,  36 ,  3 7 ,  and 3 8 ,  indi-  
cated t h a t  the  b i t  may not have been running true.  Both Stratapax” c u t t e r s  
t h a t  were diffusion-bonded t o  the  -2SO-rake steel  s tuds  were st i l l  at- 
tached. However, diamond compact No. 37 w a s  approximately one-third worn 
away, while the  corresponding c u t t e r  (No. 351,  180’ removed from i t ,  w a s  no 
more worn than it was following the  Nugget sandstone tests. I n  addi t ion ,  
t h i s  c u t t e r  was s t i l l  “on-gage.“ 
tungsten carbide s tuds  (Nos. 36 and 3 8 )  were s imi l a r ly  worn. Cut ter  No. 36 
w a s  missing, and the  s tud  was badly worn. The opposite c u t t e r  (No. 3 8 )  w a s  
s t i l l  at tached and showed a r e l a t i v e l y  small wear f l a t .  
the  loca t ions  of the  c u t t e r s  t h a t  became detached. Note t h a t  7 of the  12 
l o s t  c u t t e r s  were located between Nos. 34 and 36 inc lus ive ,  only s l i g h t l y  
more than a 90’ sec to r  of the  b i t  circumference. This port ion of t he  b i t  
showed the  maximum discolora t ion  due t o  overheating. 

The two -25O-gage c u t t e r s  brazed t o  

Figure 10 shows 

Examination of the recovered Stratapax” d r i l l  blanks and the  s tuds  
without c u t t e r s  showed re s idua l  braze material on both the  compact sub- 
strates and the studs.  Apparently the  bonds f a i l e d  pr imari ly  wi th in  the 
braze l ine .  The 11 Stratapax’ d r i l l  blanks which were detached were in- 
spected u l t r a s o n i c a l l y  f o r  thermal degradation of the  s in t e red  diamond 
layer.  No bulk thermal damage was detected--a promising and necessary 
condi t ion f o r  the  successfu l  appl ica t ion  of diamond compacts t o  air  d r i l l -  
ing systems. 

Most of the  s tuds  which l o s t  t h e i r  c u t t e r s  had l a rge  wear f l a t s  on the  
ends. This condi t ion was most pronounced f o r  s tuds  Nos. 17 through 21 on 
the  crown of the b i t  and Nos. 30 through 34 nearer  the  gage. In  con t r a s t  
t o  similar cases of s tud  wear developed under d r i l l i n g  condi t ions using 
water or mud, there  were no thermally generated heat check cracks i n  the  
studs.  I n  addi t ion ,  there  were no cases of s tud  f r a c t u r e  and carbide 
spa l l ing .  
prevent the  d i f fe rence  between the  sur face  and bulk temperature from becom- 
ing g rea t  enough t o  cause surface t e n s i l e  f a i l u r e  . 

Apparently the  bulk temperature of the  s tuds  was high enough t o  

Several  of the  diamond compacts were examined using scanning e l ec t ron  
microscopy, and f a i l u r e  by shear i n  the  braze a l l o y  was confirmed. No 
evidence of f a i l u r e  by oxidat ion o r  f a t igue  was observed, and no v i s i b l e  
evidence tha t  f a i l u r e  occurred within the  cemented tungsten carbide s tuds  
o r  d r i l l  blank subs t r a t e s  was detected.  

The Stratapax” d r i l l  blanks which became detached while d r i l l i n g  the  
S ie r r a  white g r a n i t e  were e j ec t ed  from the  d r i l l i n g  system so rap id ly  t h a t  
t h e  f i n e  s t r u c t u r e  of the  braze at tached t o  the  cutters w a s  not damaged by 
the  accompanying rock pa r t i c l e s .  
provide add i t iona l  u se fu l  information f o r  improving the  brazing attachment 
technology f o r  diamond compacts. 

Further  study of these  specimens may 

Torque Measurements 

Although the  p r inc ipa l  ob jec t ives  of the  a i r  d r i l l i n g  tests were t o  
determine the wear c h a r a c t e r i s t i c s  and the  p o t e n t i a l  f a i l u r e  mechanisms of 

ii 

I 
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Figure 10. Location of 12 Stratapaxm Cutters Detached from 
S-1, Modified, Bit during Test No. 9 

I 
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Stratapax" drag b i t s  under very harsh condi t ions,  the  torques generated by 
the two b i t s  provide some i n t e r e s t i n g  comparisons . 

The torque values fo r  the  3D 23-P hard-matrix b i t  d r i l l i n g  the  rela- 
t i v e l y  s o f t  Carthage marble were s i g n i f i c a n t l y  lower than those generated 
by the  stud-type b i t .  This is shown by graph i n  Figures 11 and 12. This 
r e s u l t  was not unexpected, because Christensen has shown t h a t  decreasing 
the  c u t t e r  Mck rake increases  c u t t e r  e f f i c i ency  and reduces rock-cutting 
forces  when s o f t  formations are d r i l l e d .  

The torque advantage f o r  the  -7 '-ba rake c u t t e r s  on the  hard-matrix 
b i t  w a s  el iminated when the  rock w a s  changed t o  the  harder ,  more b r i t t l e  
sandstone. Figures 13 and 14 are p lo t s  of a l l  the  da ta  points  taken f o r  
both b i t s  at ro ta ry  speeds of 38 and 50 rpm. A t  these  speeds, t he  torque- 
penetrat ion r a t e  r e l a t ionsh ip  is e s s e n t i a l l y  i d e n t i c a l  f o r  the  two b i t s .  
Since diamond layer  spa l l i ng  w a s  obtained with the  -7' c u t t e r s  a f t e r  only 
0.91 metre (3 f e e t )  of d r i l l i n g ,  it appears t ha t  the g rea t e r  back-rake 
c u t t e r  should be u t i l i z e d  f o r  d r i l l i n g  sandstone formations, such as the  
graywackie i n  The Geysers. 

Conclusions d Recommendations 

The preliminary conclusions and recommendations 
ed air  d r i l l i n g  experiments, a r e  as follows: 

1. 

2. 

The -25'-back-rake c u t t e r s  were superior  i n  wear and chipping 
r e s i s t ance  t o  the  -7' c u t t e r s  when abrasive,  r e l a t i v e l y  hard 
sandstone was d r i l l ed .  The -25O-rake angle may be superior  t o  the  

c u t t e r ,  p a r t i c u l a r l y  f o r  gage c u t t e r  appl ica t ion ,  and 
ed f o r  the  third-generation geothermal b i t s  i n  the  b i t  

development program. 

The Sandia s tud design, with the  g r e a t l y  increased end and s ide  
clearance,  should be used wherever possible.  In su f f i c i en t  c lear -  
ance leads  t o  e a r l y  rubbing and wear of the s tuds  aga ins t  rock, 
increasing f r i c t i o n a l  heat  generat ion,  reducing attachment l i f e ,  
reducing penetrat ion r a t e ,  increasing torque, and increasing the  
chances f o r  s tud f rac ture .  

3. The performance of the S-1, modified, b i t  during the  a i r  d r i l l i n g  
I of the  Nugget sandstone, was promising; e spec ia l ly  promising was 
, t he  apparent high wear r e s i s t ance  of the  diamond compacts under 

very hot conditions.  The test r e s u l t s  i nd ica t e  t h a t  a stud-type 
Stratapaxm b i t  has a good chance of performing w e l l  i n  The 
Geysers, providing t h a t  t he  b i t  design includes the  high- 
clearance-type s tuds  to  permit reasonable c u t t e r  wear without the 
development of l a rge  tungsten carbide wear surfaces.  

The hot air  d r i l l i n g  experiment i n  the  g r a n i t e  took place i n  a 
severe t e s t  environment. There are cu r ren t ly  no appl ica t ions  f o r  
deep-hole d r i l l i n g  with diamond compact b i t s  using only a i r .  The 

b j ec t ive  of the  g r a n i t e  test w a s  t o  wear the  b i t  rapidly so t h a t  
he e f f e c t  of wear on b i t  performance and b i t  i n t e g r i t y  could be 

evaluated i n  a reasonable rock, such a s  the  sandstone. D r i l l i n g  
g r a n i t e  with hot a i r  caused ca tas t rophic  f a i l u r e  and termination 
of the  experiments. I f  t h i s  kind of t e s t i n g  is  done again,  

, 

4 .  
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Figure 14. Torque versus Penetration Rate Test Results 
for S-1, Modified, and JD 23-P Bits Drilling 

. Nugget Sandstone; 50 rpm 
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drilling in granite should be carried out using water, followed by 
hot air testing in sandstone. -3 

tuds wi e diffusion-bonded 
o t  conclusive, because only two steel- 

ed. Testing should be continued 
ly with steel studs, with both 
tters. Steel studs are attractive 

ease of manufacture, economy, and the 
e bit body. However, application areas 

rosive drilling conditions will 
than they will destroy cemented 

tungsten carbide studs. 

- Installation 

All the special tooling nec 
machine has been finished. 

The mud circulation syste 

turret lathe was aesi 
capacity tanks and th 
ed on the machine to con 
installed. The wiring for 

sepiolite- and bentonite-base mud 
compositions have ed. The materials for a polymer-base fluid 
based on hydroxye ordered soon. 

ction of the fluid in the mud circu- 
tant for the experiments aimed at deter- 
generation. The design concepts for the 
d by Sandia before the system was fabri- 
experiments will provide usable infor- 
cutter temperature modeling studies. 

ncluding some smal r blanks for fric- 
studs, and all th necessary rock 

materials have been recei rder to reduce costs, as well as improve 

ters to the studs will be accomplished at the test facility. In this way, 
slightly worn cutters can be detached, rotated, and reattached, thus using 
all the available cutting edges and reducing the total number of drill 
blanks required. 

tilization, the attachment of the cut- 



With the  12-inch P r a t t  and Whitney l a t h e  used t o  tu rn  Jack Fork sand- 
stone,  preliminary rock-cutting experiments were ca r r i ed  out  t o  e s t a b l i s h  
the  f e a s i b i l i t y  of u t i l i z i n g  small thermocouples in se r t ed  i n t o  the  
Stratapax" c u t t e r  subs t r a t e  and supporting s tud t o  monitor t o o l  tempera- 
tu re .  
Temperature da ta  from four  thermocouple locat'ions were sampled continuous- 
l y ,  using a Fluke 2240A da ta  logger in conjunction with a Texas Instruments 
(T . I . )  S i l e n t  700 terminal equipped with magnetic tape.  
recorded sequent ia l ly  at a rate of f i v e  da ta  pa in ts  per  second, s tored  on 
tape,  and subsequently pr in ted  out  using t h e  T.I. terminal. 

Because it w i l l  be necessary t o  obtain cut t ing-force measurements as 
w e l l  as temperature data ,  a special in t eg ra t ing  c i rcui t  has been designed 
t o  accept the  p i ezoe lec t r i c  dynamometer charge ampl i f ie r  output,  which is 
comprised of th ree  force-component channels, and t o  then modify the s igna l s  
so t ha t  they can a l s o  be recorded by the  da ta  logger/ tape/ terminal  system. 
A prototype c i r c u i t  has been b u i l t  and t e s t ed  c u t t i n g  rock. 
mance was e t c e l l e n t ,  and the  f i n a l  three-channel device has been 
constructed i n  the CRD model shop. 

Both dry and liquid-cooled tests were ca r r i ed  out successful ly .  

The da ta  were 

The perfor- 

The details  of the  Stratapax'" cut ter-s tud design to be used, together  
with the  preliminary spec i f i ca t ions  f o r  "worn" c u t t e r s ,  were forwarded t o  
Sandia fo r  review and suggestions,  p a r t i c u l a r l y  with regard t o  the prec ise  
loca t ions  of the thermocouples . 

The planned s ingle-cu t te r  experiments were nearing i n i t i a t i o n  at the  
c lose  of t h i s  report ing period. 

Hard-Matrix Stratapax' Geothermal B i t s  - Design consul ta t ion  on the  
two, 22.2-cm (8.75-in.) diameter, hard-matrix,  Stratapax'" geothermal b i t s  
being fabr ica ted  f o r  f i e l d  t e s t i n g  i n  aera ted  water and f o r  a i r  d r i l l i n g  
appl ica t ions  was completed t h i s  quarter .  
p ro j ec t  described i n  Sect ion 4.3, and the  s p e c i f i c  b i t  design changes are 
reported i n  tha t  section. 

The b i t s  w i l l  be t e s t ed  under the  

66 
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5. DRILLING FLUIDS 

Improved drilling fluids are required to reduce the cost of drilling 
The corrosive conditions, high temperatures, and frac- thermal wells. 

tured formations typical of geothermal resource areas impose severe operat- 
ing requirements on drilling fluids. Under ,these conditions, the physical 
and chemical behavior of drilling fluids are not currently well understood;. 
thus, basic investigations are required to develop an understanding of the 

The approach to developing improved 
drilling fluids includes basic research into the morphology of clay parti- 
cles, laboratory investigation of the properties of drilling fluids at high 
temperature and pressure, development of aqueous foam drilling fluids, 
development and field demonstration of the generation of inert gas drilling 
luids, and the development and field testing of high-temperature drilling 
uds. Projects are progressing with the objectives of determining the 
high-temperature/high-pressure rheological properties of dri 
gaining a fundamental understanding of the morphology of cla 
under the influences of high temperature and various chemica 
and of identifying and developing foam drilling fluids capab 
in temperature environments to 310°C (590°F) and having chemical and foam- 
ing stability and anticorrosive and antioxidant properties. Demonstration 
of a technique of N2 generation from diesel engine exhaust using a catalyst 
nd field testing a high-temperature drilling mud, HTM-1, were successfully 
ompleted this quarter. 
escribed within this section. 

havior of drilling fluids in the geothermal environment in order to 
rmulate more cost effective fluids. 

The status and progress of these activities are 
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U 5.1 Aqueous Foam Dr i l l i ng  Fluids  f o r  Geothermal Applications 

Sandia National Laborator ies  
Technical Consultant: P. Rand (505) 844-7953 

I 

I 

P ro jec t  Objective 
, 

This pro jec t  
thermal appl ica t ions .  
temperature environments t o  31OOC (590OF) and w i l l  exhib i t  chemical and 
foaming s t a b i l i t y  ^and an t icor ros ive  and an t ioxidant  propert ies .  

11 iden t i fy  and develop aqueous foams f o r  use i n  geo- 
The foams w i l l  be capable of operat ing i n  e leva ted  

report  has been issued def ining the  k s i c  problems t o  be 
var ious so lu t ions  thought t o  be obtainable ,  and a pro jec t  

procedure. InitiaJ. sur fac tan t  screening h& been completed. Fif ty-s ix  
su r fac t an t s  have been evaluated before and after exposure t o  a temperature 
cyc le  reaching 26OOC (500°F). 

in various chemical environ- 
x su r fac t an t s ,  se lec ted  

Twelve su r fac t an t s  were-selected f o r  f u r t h e r  
l u a t i o n  'of these  su r fac t a  
OOOF) has -been completed. 

because of . t h e i r  good performance i n  the'  chemical environment tests, have 
been evaluated after exposure t o  3 1 0 O C  (590'F) in deiqnized water. 
these su r fac t an t s  showed good t o  exce l len t  performance and are now being 
evaluated i n  var ious chemical environments a t  31OOC (590OF). Surfactant  
eva lua t ion  a t  26OoC (500'F) is continuing on new su r fac t an t s  t h a t  have been 
recommended. 

Four of 

L 

Quarter ly  Progress 

A number of new s u r f a c t a n t s  were obtained from i n d u s t r i e s  supplying 
the  d r i l l i n g  companies. These and o ther  candidate su r fac t an t s  are being 
evaluated a f t e r  exposure t o  26OOC (500OF). 
var ious aqueous environm 

emperatures i n  

An aqueous foam gen r t h a t  provides un 
foams with cont ro l led  dens i ty  has been used in the  evaluat ion of the  ef-  
f e c t s  of high-temperature cycles  on su r fac t an t  solut ions.  
the  generator  and apparatus used t o  generate  foams follows. 
se tup  is depicted by the schematic, Figure 15. 

A desc r ip t ion  of 
The basic  

The aqueous foam generator  ( s t a t i c  mixer) cons i s t s  of an 11.7-cm 
(4.6-in.) long, 4.6-mm (0.18-in.) i.d., s t a i n l e s s - s t e e l  tube packed with 
1.5 g (0.05 02) of coarse s t a i n l e s s - s t e e l  wool, 0.051 mm th ick  by 0.635 mm 
wide (0.002 in. t h i c k  by 0.025 in.  wide). The s t e e l  wool is packed i n t o  a 
9.7-cm (3.8-in.) s ec t ion  of the  tube. 

The se tup  includes an a i r  o r  ni t rogen gas supply a t  0.35 MPa (50.0 
Flow r a t e s  of 10 t o  12 g/min 

csi 
psig)  f o r  gas flow and so lu t ion  overpressure. 
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t 
SURFACTANT SOLUTION 

METERING 

I 
S T A T I C  MIXER 

DENSITY:  45.055.0 kgjm 

* 

Figure 15. ueous Foam Generator 



. 

(0.02 t o  0.03 lb/min) f o r  the  l i qu id  and 200 t o  250 cm3/min (0.007 t o  0.009 

have been used t o  cont ro l  gas and l i qu id  flow rates. 
used i n  the gas and l i q u i d  l i n e s  t o  minimize wea 

LJ 
* ft3/min) f o r  the  gas are possible.  Metering valves  with micrometer heads 

Shut-off valves are 
n the  metering valves. 

Foams with a dens i ty  of 45.0 2 5.0 kg/m3 (2.8 2 0.3 l b / f t s  
I f  the  foams generated quid volume f r ac t ion ,  have been used. 

eva lua te  foam drainage or  other  foam proper t ies ,  p rec ise  temperature con- 
is necessary f o r  repeatable  r e su l t s .  

The su r fac t an t  evaluat ion program w a s  in te r rupted  during this  report-  
ing period by a problem with the  temperature-controlled room i n  which-the 
tests must be conducted. The problem was  corrected,  and t e s t i n g  w a s  pro- 
ceeding a t  the  c lose  of t h i s  report ing period. 
ments w i l l  be reported i n  the  next qua r t e r ly  progress report .  

The r e s u l t s  of the  experi- 

Corrosion coupons t o  evaluate  the  co r ros iv i ty  of se lec ted  su  
so lu t ions  have been machined and w i l l  be exposed t o  su r fac t an t  so lu t ions .  
Corrosion inh ib i to r s ,  recommended by suppl ie rs  f o r  high-temperatur 
environments, are a l s o  being co l lec ted  f o r  evaluation. 

A presenta t ion ,  "Aqueous Foams f o r  Geothermal D r i l l i n g  Fluids," is 
ng prepared f o r  presenta t ion  at the  Gordon Research Confere 
0. i 
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2 GEOTHERMAL WELL TECHNOLOGY-DRILLING AND COMPLETIONS PROGRAM' 

PROJECT 

FLOW LOOP TESTER 
UNIV. OF OKLAHOMA 

TEST1 NG 

F I  NAL REPORT 

FISCAL YEAR 80 

LEGEND: ACTIVITY PERIOD 
RESCHEDULED -LI-LI- 

END 
DATE 

0 PLANNED START V PLANNED COMPLETION 
@ STARTED V COMPLETED 



5.2 - %  Determining Temperature Limits of Drilling Fluids 
(Flow Loop Tester) h, 

ontractor: University of Oklahoma 
Principal Investigat E. F. Blick (405) 325-5011 
Contract Period: 
Contract Number: 13-0346 (Sandia) 

1 August 1978'to 15 April 1980 

chnical Consultant: A. Maish (505) 844-3601 

Project Objective 

The objective of this project is to evalua the high-temperature 
properties of available drilling-fluid additives in a dynamic flow loop. 
This contract provides for the establishment of a mud test laboratory, for 
the design and fabrication of a 288OC (550OF) flow loop, and for a moderate 
amount of drilling-fluids testing. 

Project Status 

Sufficient testing has been accomplished using a modified flow loop at 
Magcobar to demonstrate the existence of a large discrepancy between am- 
bient data as normally taken in mud laboratories and the actual charac- 
teristics of the fluid under dynamic, simulated downhole conditions. A new 
flow loop. was fabricated at the Unive of Oklahoma, and testing of muds 
was started. Repetitive malfunctions he test equipment delayed the 
test program; however, correction of roblem areas was accomplished in' 
September 1979. The contract was extended to permit the completion of 
scheduled mud tests. The project was completed this quarter, and a final 
report has been prepared. 

The final rep0 
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2 GEOTHERMAL WELL TECHNOLOGY-DRILLING AND COMPLETfONS PROGRAM 

O N D J F M A M J J A S  

FISCAL YEAR 80 

PROJECT 

HTIHP M U D  TESTER 
NL BAR01 D 
INSTRUMENTATION 

1. 
2. 
3. 
4. 
5. 

6. 

FILTER 
FILTER MEDIUM 
DENSITOMETER 
CORROSIVITY 
RHEOLOGICAL 

SOFTWARE 

HIGH-PRESSURE GAS 

I NTEGRATE SYSTEM 

TEST TWO FLU1 DS 

SYSTEM 

TENTATIVE 
SCHEDULE 

, 

:OMP LETE 

0 

LEGEND: 3 ACTIVITY PERIOD 
RESCHEDULED n c I a - m  

END 
DATE 

MAR 81 

MAR 81 

0 PLANNED START V PLANNED COMPLETION 
Q STARTED 'I COMPLETED 
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u . 3 Development of High-Temperature/High-Pressure Drilling 
Mud Research Instrumentation 

T 

Contractor: NL Baroid 
Principal Investigator: K. L. Walter (713) 527-1100 
Contract Period: 
Contract Number: DE-AC04-77ET27144 
Technical Consultant: A. Maish (505) 844-3601 

I i April 1978 to 31 March 1981 (proposed) 

Project Objective 

This project will result in the fabrication of a drilling-mud testing 
instrument capable of measuring fluid properties under dynamic flow con- 
ditions of up to 371°C (700OF) and 138 MPa (20 000 psi). This is an exten- 
sion of the 288OC (550OF) capability provided by the University of Oklahoma 
project . 
Project Status 

State-of-the-art studies have been conducted. Three fabrication bids 
for the pressure vessel were received, and a design was chosen for testing. 
Design work on the system instrumentation is continuing. 'A time schedule 
has been determined for the Microcomputer System software development. The 
installation site for the geothermal'drilling fluid test system has been 
tentatively selected. 
new schedule is being developed. 

A contract extension is under consideration, and a 

Quarterly Progress 

The water-cooled inter plate between the hot drilling fluid and 
instrumentation compartment was received from the machine shop. 
stainless-steel plate was fabricated in two halves to allow machining of 
the water chase in one half 
water chase, the two halves 

The 

Following surface-smoothing of the rough 
re taken to another shop to be vacuum-brazed 

Two unsuccessful tempts were made to ac lish the procedure. 
furnace temperat s were not suf f icientl gh. The work was 

The brazing together of the 
transferred from the only commercial heat treating shop in Houston with 
vacuum-brazing facilities to a 
two halves of the plate at Wal 
cessful. The halves will have the surfaces cleaned 

mounting all of the instrume 

The larger diameter rhe 

op in Ohio. 
olmonoy in Oh Was only partially 

U the brazing redone. When completed, this plate will be the foundation for 

er shaft and corrosion probes were also 
received. 
Corrosion probes were plasma-spray-coated with ceramic insulation. 

The larger shaft gives more stability to the torque transducer. 

b, 
The proximity sensor has been received and attached to the torque 

transducer of the rheometer, and the assembly has been tested. The 
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presence of a small amount of high-frequency v ib ra t ion  caused an increase  
i n  scatter of the e l ec t ron ica l ly  sensed torque data. The scatter was 
s a t i s f a c t o r i l y  reduced by i n s t a l l i n g  an e l ec t ron ic  damping c i r c u i t  between 
the  proximity sensor and the  i g i t a l  readout. S i m i l a r  c i r c u i t r y  may be 
used with other  system senso 

LJ 

Most of the  sheet  metal parts have now been received. Using the  
coarse Tetko f i l t e r  medium tead of the  f i n e  medium would reduce the  cos t  
of an order f o r  t h i s  materi by a f a c t o r  of two. Technically t h i s  seems 
acceptable. Nevertheless, ther.manufacturer of similar material w i l l  be 
contacted. 

The frequency synthesizer  has been t e s t ed  successfu l ly  as a means of 
supplying input s igna l s  t o  a s tepper  motor cont ro l le r .  As a r e s u l t ,  two 
more frequency synthesizers  were ordered. The malfunctioning of the  con- 
t r o l l e r  has not ye t  been completely resolved, but two more of these  were 
a l s o  ordered. Wiring sketches f o r  transducer s igna l  condi t ioners  and 
hookups with t h e i r  power suppl ies  ha 
s t a r t e d  . been completed. Drawings have been 

The new stepper  motor con t ro l l e r  ordered t o  replace a defec t ive  un i t  
was received from the  manufacturer and operates  s a t i s f a c t o r i l y .  I n s t a l l a -  
t i o n  of about ha l f  of the  e l ec t ron ic  components i n t o  a blower-cooled rack 
has been completed. In t e r f ac ing  problems between the  s tepper  motor con- 
t r o l l e r  and the microcomputer were being caused by slow-speed relays.  
Their removal cured the  problem. Two other  c o n t r o l l e r s  have been received. 

F ina l  d e t a i l s  of the subcontract with Systran Corporation were re- 
solved, and formal documentation is  i n  process. Systran has near ly  
completed software f o r  the  command l i n e  i n t e r p r e t e r ,  which gives the  
operator  access t o  the microcomputer. Work on the  cathode ray tube d isp lay  
software is a l s o  proceeding. A purchase order has been issued f o r  a 
Millennium microsystem analyzer t h a t  w i l l  be needed f o r  debugging and 
reprogramming the  microcomputer . 

The subcontract with National Forge Company incorporat ing modest price 
increases  has been completed and sen t  t o  the  firm. National Forge has 
resumed construct ion of the pressure vessel and i n t e r n a l  cooling jacket .  
Approval of the  National Forge subcontract and the  subcontract with Systran 
Corporation w i l l  be needed from DOE. Regarding the  cont rac t  with National 
Forge, the  quest ion was ra i sed  as t o  whether o r  not hardware purchased f o r  
the  cont rac t  would be exempt from state and l o c a l  sales taxes. 
t i o n  is  being invest igated.  

The ques- 

Authorization t o  construct  the  building to  house the  drilling-mud 
t e s t i n g  instrument is  st i l l  pending. A f i rm pro jec t  completion schedule i s  
dependent on reso lu t ion  of t h i s  issue.  

b 
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5.4 Basic Understanding of Chemical and Elevated Temperature u Effects on Clay-Based Drilling Fluids 

7 Contractor: Texas Tech University 

. Contract Number: 13-5104 (Sandia) 

Principal Investigator: N. G k e n  (806) 742-3110 
Contract Period: 

Technical Consultant: B. Kenna (505) 844-1565 

15 July 1979 to 15 July 1981 

Project Objective 

This project will result in a fundamental understanding of clay par- 
ticle morphology under the influence both of various chemical species and 
elevated temperatures similar t 
mal drilling activities. On th basis of this understanding, clay-based, 
geothermal drilling-fluid syste 
downhole conditions, will be designed for use in geothermal drilling. 

the conditions encountered during geother- 

, complete with the additives dictated by 

Project Status 

The Texas Tech University Clay and Drilling Fluids Laboratories were 
remodeled to accommodate the project. 
initiated in July 1979. 
various salts and elevated temperatures on clay morphology are continuing. 

The project investigations were 
X-ray and microscopic studies of the effects of 

Quarterly Progress 

- One original and 16 eated bentonite 
samples were examined by X-ray diffraction. The results of the 
examination for each presented in Table 7. 

The original be s composed of tite and a small 
amount of feldspar. The 
to 17 A with glycolation. 

X-ray data indicate that the bento ite/CaC12 samples have all three 
minerals, whereas the bentonite/KCl samples have only quartz. 
properties of the sa 

e has a 12-8 basal reflection which expands 
In the reated bentonite samples, smectite is 

bundant , but some samples contain illite, quartz, and feldspars. The 

These 

- 
nd NaCl runs 

n 

phenomenon may be the result of a change in stacking sequence. 

LJ 
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Table 7 

X-Ray Di f f r ac t ion  Data on t h e  Products of t h e  
Hydrothermal Runs i n  Bentonite Systems 

Bentonite before and Other Minerals Present 
after Glycolation in Bentonite Clay 

Hydrothermal Run 
Conditions Time Begore Afger Q rtz Felcspar Illite 

Systems .C (OF) Hours A n Y M tr 
p-7 

Bentonite 93 (200)a 24 12.2 17.0 + + +b 
149 (300) 24 15.2 33.7,17.1 + 
149 (300) 72 15.2 33.2,17.1 + - - 

and C 
KC1 

- - 
204 (400) 15.0 33.6.17.1 + - - 
260 (500) 24 15.1 34.0,17.4 + - - 
116 (600) 24 10.9 12.6 + + - 
371 (700) 24 11.0 12.3 + + - 

Bentonite 93 (200Ia 24 15.0 34.0,17.5 + - - 
149 (300) 24 12.2 17.0 + + + 
149 (300) 72 11.8 17 .1  + + + 
204 (400) 24 12.4 17.1 + + + 
260 (500) 24 12.3 16.5 + + + 

and 
CaC12 

Bentonite 316 (600) 24 12.5 34.0,17.5 + - - 
371 (700) 24 12.6 33.0.17.0 + - - and 

NaCl 

Bentonite 316 (600) 24 13.1 17.1 + + + 
371 (700) 24 13.0 17.3 4. + + and 

gel 

- Original 12.0 17.1 + - 
. bentonite 

sample 
B- 1227- 11 

aThe data on the bentonite/KCl 93OC (200'F) run may be in error because 
they do not agree well with the rest of the KC1 runs. 
the Cacl~ runs at 93.C (200'F). Also, the Ca-saturated smectite does not 
show a (001) reflection at 15 A ,  but at 12 A,  which should be the (001) 
reflection of a Na- or K-smectite. A mistake in labelling the samples is 

The same is true of 
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2. Decrease of the  d-value of (001) r e f l ec t ion :  The K C 1  runs a t  316' 
and 371'C (600' and 700'F) showed a d i s t i n c t  decrease i n  (001) 
r e f l e c t i o n  from 15 A t o  11 &, ind ica t ing  l i t t l e  expansion a f t e r  
g lycola t  ion  . be the  r e s u l t  of s t r u c t u r e  col-  
l apse  . 

The 17 bentoni te  s udied by e l ec t ron  microscopy t o  in- 
v e s t i g a t e  the  morphological changes and the  reac t ions  which may occur 
during the  hydrothermal treatments. I n  those treatments,  t he  4% c lay  
s l u r r i e s  were subjected '  t o  t i o n s  indica 
of observations follows . 

The o r i g i n a l  material l y  consis ted of f l u f f y  t e  f l akes ,  with 
few p a r t i c l e s  showing elongated, i l l i t e - l i k e  l a t  
the  smect i te  f l akes ,  hown i n  Figure 16. 

a r t i c l e s  re ta ined  t h e i r  o r i g i n a l  morphology, as 
i g i n a l  s t a r t i n g  material a t  93°C (200'F) runs 

f o r  24 hours i n  the  e of KC1 and NaC1. However, some of the  f l a k e s  
d i s in t eg ra t ed  i n t o  smaller f lakes .  As the  temperature increased from 149" 
t o  260'C (300' to 500'F), the  f l u f f y  smect i te  f l a k e s  turned i n t o  somewhat 
p l a ty  particles which were thinner  than the  o r i g i n a l  f l akes  (Figures 17 and 
18). A t  the  higher temperatures of 316' and 371'C (600' and 700°F), t he  
p l a ty  particles replaced most of the  f l u f f y  smectite and formed aggregates 
(Figure 19). Similar r e s u l t s  were obtained i n  the  be oni  t e / C a C 1 2  sys  t e m ,  
but t he  aggregates seemed t o  be more compact. 

East Mesa Core Study -- Formation damage, apparently caused by 
sepiol i te-based high-temperature d r i l l i n g  f l u i d ,  i s  being s tudied  by Terra 

Terra Tek f o r  
d i f f r a c t i o n  s 

were 10.2 c m  (4 in.) i n  length  and 5.1 c m  
s carried the designations East Mesa, 64, (2 in.) i n  di 

and East Mesa 
with s e p i o l i t  

a t  each sec t ion  was examined. 

the  core. The bulk samples 

wi th in  the  suspensions 
samples. Oriented cla t i o n s  a f t e r  

Q 

content increased from the  top t o  the  bottom of the  core. These c lays  are 
d i s t i n c t l y  d i f f e r e n t  from the  clays i n  the  mud, i n  which s e p i o l i t e  and u 
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Figure 16. Original Bentonite Particles before the Hydrothermal 
Treatments 

Figure 1 7 .  Typical Bentonite Particles  a f t er  the Hydrothermal 
Treatment a t  149OC (300OF) i n  the Presence of KC1 
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Figure 18. Development of Platy Smectite Morphology after the 
Hydrothermal Run at 26OoC (500'F) in the Bentonite/ 

c 

KC1 System 

, 

Figure 19. Platy Smectite Particles Which Are Probably Formed 
after Dissolution of the Original Bentonite during 
the Hydrothermal Run at 371'~ (700'F) in the 
Presence of KC1 

t-) 
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e n t o n i t e  are the predominant components, occurring i n  a r a t i o  of 3 t o  1. 
Hence, i t  should be easy t o  determine with the  scanning e l ec t ron  microscope 
SEM) whether o r  not the clays from the d r i l l i n g  mud are penet ra t ing  i n t o  
he cores  during the flow tests. 

6, 

These SEM s t u d i e s  are i n  progress. , 

T e s t  Equipment - A high-temperature FANN 50C viscometer w a s  rec'eived . - i n s t a l l e d .  Ca l ib ra t ion  tests have been completed, and the equipment is 
ready for  use i n  f u t u r e  s tud ies .  
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5.5 I n e r t  Gas Generation from Diesel Exhaust - Catalyst  System 

Contractor: Enilehard Minerals & Chemical 
P r inc ipa l  Inves t iga tor :  I. T. Osgerby (201) 321-5230 
Contract Period: 1 August 1979 t o  30 A p r i l  1980 
Contract Number: 13-5071 (Sandia) 
Technical Consultant : B. Kenna (505) 844-1565 

P ro jec t  Objective 

The objec t ive  of t h i s  pro jec t  is t o  demonstrate c a t a l y t i c a l l y  sup- 
ported thermal combustion as a means of generating an i n e r t  gas from the  
exhaust stream of a commercially ava i l ab le  d i e s e l  engine. An ex i s t ing ,  
p ropr ie ta ry  c a t a l y s t  w i l l  be used with supplemental No. 2 f u e l  over t he  
load range of the  d i e s e l  engine to  achieve t h i s  object ive.  This perfor- 
mance objec t ive  w i l l  be eva lua ted ,over  an extended period of t i m e  t o  v e r i f y  
that the  c a t a l y s t  a c t i v i t y  can be re ta ined  under operating condi t ions con- 
s i s t e n t  with the  intended f i e l d  appl icat ion.  

P ro jec t  S t a t u s  

The test r i g  design and f ab r i ca t ion  have been completed, the  f a c i l i t y  
debugged, and the  u n i t  demonstrated. The parametric test program and t h e  
d u r a b i l i t y  tests have been completed. Control of emissions i n  the cata- 
l y t i c  generat ion of N2 has been demonstrated. Additional experiments are 
planned subsequent t o  a per iod of independent research by the  contractor .  

Quarter ly  Progkess 

The 100-hour dura l i t y  test a t  the  m a x i m u m  engine load condi t ion of 
60 kW (80.4 hp) was completed. EmissionF from the diesel  i n e r t  gas gener- 
a t o r  a t  the m a x i m u m  load condi t ion are shown i n  Table 9. Emission l e v e l s  
of NOx and O2 remained a t  less than 10 ppm. 
achieved . A CO l e v e l  of less than 1% was 

The c a t a l y s t  d u r a b i l i t y  s at  the  engine load condi t ion of 48 kW 
(64.3 hp) w a s  a l s o  completed. 
a t o r  a t  the  48-kW load condit  are shown i n  Table E m i s  . l eve l s  of 
NOx and 0 

a t  the  c lose  of the  repor t ing  period. 

i s s i o n s  from the  d i e s e l  i n e r t  gas gener- 

remained a t  less than 10 ppm. 2 

Preparat ion of the  f i n a l  repor t  on the  pro jec t  was nearing completion 
9 



Table 9 

Emissions Data From Cata lys t  Durabi l i ty  Test 
a t  60-kW (80.4-hp) Engine Load 

Elapsed Time  E m i s s i c  

of L i f e  Test HCaL coc 
hours ppm" 
3.5 
10.5 

12.5 
20.5 
31.0 

38.0 
44.0 

51.5 
54.5 
64.0 
70.0 

270 
- 
105 
- 
350 
100 

200 
300 
- 

76.5 - 
83.0 30 

89.0 30 
93.5 30 
97.0 38 

100.0 50 

% - 
9.6 0.14 <lo 
7.6 0.30 <lo 

5.0 0.31 <10 
5.0 0.20 (10 
5.4 0.50 < 10 
4.6 0.40 <10 
3.0 0.15 <10 
0.7 0.50 10 

0.6 0.35 < 10 
4.4 0.08 <10 
0.8 0.05 <10 
0.7 0.10 <10 

a 

b 
HC = hydrocarbons. 

I ppm = p a r t s  per mill ion.  

Variable emission l e v e l s  caused by small va r i a t ions  i n  
f u e l  flow under manual c o n t r o l  operation. 

C 

dppm' over base l ine  reading. 
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u Table 10 

Emissions Data From Catalyst Durability Test 
at 48-kW (64.3-hp) Engine h a d  

89 
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5.6 Field Evaluation of HTM-1 Mud System 

Contractor: Maurer Engineering, Inc. 
P r inc ipa l  Inves t iga tor :  L. J. Remont (713) 683-8227 
Contract Period: 15 November 1979 t o  31 August 1980 
Contract Number: 07-7068 (Sandia) 
Technical Consultant: D. Wesenberg (505) 844-0129 

bi 

Pro jec t  Objective 

The objec t ive  of t h i s  ) p r o j e c t  is t o  determine the  performance of the  
high-temperature mud system (HTM-1) under f i e l d  conditions.  
l abora tory  tests w i l l  a l s o  be conducted i n  order  t o  monitor the  f i e l d  
performance of HTM-1, which is an improved geothermal d r i l l i n g  f l u i d  devel- 
oped f o r  d r i l l i n g  i n t o  hydrothermal reservoi rs .  HTM-1 can be prepared with 
conventional equipment, using commercially ava i l ab le  materials. 

Appropriate 

P ro jec t  S t a tus  
\ 

A s u i t a b l e  w e l l  f o r  t e s t i n g  HTM-1 w a s  i d e n t i f i e d  and a f i e l d  test was 
completed t h i s  repor t ing  period. Laboratory t e s t i n g  of sample formulations 
has been conducted, and tests of mud samples from the  f i e l d  tests are 
continuing. 

Quarter ly  Progress 

Laboratory Tests - HTM-1 mud s p l e s  were prepared f o r  t e s t i n g  using 
the  formulations shown i n  Table 11. -The muds were s t i r r e d  f o r  40 minutes 
a t  high speed, ro l l ed  a t  66OC (150OF) f o r  18 hours, and s ta t ic  aged a t  
288OC and 3.5 MPa (550OF and 500 psi) for 24 hours and for 15 days. 
mud proper t ies  a f t e r  exposure t o  these  condi t ions are shown i n  Table 12. . 

The. s ta t ic-aged samples exhibi ted an increase  i n  
and American Petroleum I n s t i t u t e  (API) f i l t r a t e s  
12.0 t o  14.4 Pa (25 t o  30 lb/100 ft2) a f t e r  s ta t  
l i t t l e  tendency toward s o l i d i f i c a t i o n  a t  temperatures 
The shear  s t r eng th  of the  sam 
s o l i d i f y  under these  cond i t i  

The 

sample was ro l l ed  a t  66OC (1 
r e s u l t s  of these tests are c 
and s o l i d  contaminants demon 
k g / d  (15 lb /bbl )  of sa l t  an 
g rav i ty  s o l i d s  . 

Gypsum and cement are sometimes encountered i n  d r i l l i n g  operations.  
I n  order t o  determine the  e f f e c t s  of these contaminants on HTM-1, tests 
were conducted with laboratory-prepared samples of HTM-1. Additions of 

9 1  



LJ Table 11 

HTM-1 Muds Formulated from Thermogel and Geogel 

Sample No. 

IV Water 0.16 m (1.0 bbl) 

Thermogel 6.8 kg (15.0 l b )  

Aquagel 2.3 kg ( 5.0 l b )  

Composite coa l  sample 9.1 kg (20.0 l b )  

Sodium polyacrylate  1.1 kg ( 2.5 l b )  

NaOH 0.91 kg ( 2.0 l b )  

Sample No. Formulation 

V Water 0.16 m (1.0 bbl)  

Geogel 6.8 kg (15.0 l b )  

Aquagel 2.3 kg ( 5.0 l b )  

Composite coal sample 9.1 kg (20.0 l b )  

Sodium polyacrylate  1.1 kg ( 2.5 l b )  

NaOH 0.91 kg ( 2.0 l b )  

5.7 kg/m3 (2 lb /bbl )  of each material were made t o  separa te  samples of 
HTM-1. 
f i l t r a t i o n  cont ro l  c h a r a c t e r i s t i c s  of the  mud when t e s t ed  i n i t i a l l y  o r  
a f t e r  r o l l i n g  I6 hours a t  66OC (150OF). Cement increased the  pH of the  mud 
from 9.6 t o  11.0 and increased the  f i l t r a t e  a t  177OC and 3.5 MPa (350OF and 
500 p s i )  from 21.0 ml to 24.4 m l  (1.28 in.3 t o  1.49 in.3). Gypsum contami- 
na t ion  had even less e f f e c t  on the  mud proper t ies  than did the  cement. Mud 
pH was lowered s l i g h t l y ,  but,  when the  pH was readjusted with caus t i c  soda, 
the  mud proper t ies  were almost i d e n t i c a l  t o  those of the  uncontaminated 

Neither of the contaminants had much e f f e c t  on the  rheological  o r  

Proper t ies  of the  mud are indica ted  i n  Table 14. 

Fie ld  T e s t  - Arrangemsnts fo r  f i e l d  t e s t i n g  the  HTM-1 mud system were 
completed early i n  t h i s  report ing period. The high-temperature mud was 
used to  d r i l l  from 2316 metres t o  3328 metres (7600 f e e t  t o  10 920 f e e t )  on 
McCulloch's Mercer No. 228 w e l l  i n  Imperial  County, Cal i fornia .  The forma- 

from Sandia to  
remaining mud 

l used i n  the 

LBd 
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- Conditions/Properties 

Salt, kg/m' 
(lb/ bbl) 

Rolled at b5.b°C (15UaF), hours 

Plastic viscosity, Pa's 
(cp) 

Yield point, Pa 
(lb/lUU ft') 

10-second gel, Pa 
(lb/100 ftL) 

IU-mtnute gel, Pa 
(lb/lUU ftL) 

PH 
API* Filtrate, mi 

Filtrate at 176.6"C (350°F),  

(in.') 

3.5 MPa (500 psi), ml 
(in.') 

Shale, kg/m' 
( lb/ bbl) 

Rolled at 65.6OC (150°F), hours 
Plastic viscosity, Pa*s 
(CP) 

Yield point, Pa 
(lb/lOU ftL) 

10-second gel, Pa 
(lb/100 ftL) 

10-minute gel, Pa 
(lb/lUO ftL) 

PH 
API* ftltrate, ml 

Filtrate at 176.6OC (35UoF), 

(in.') 

3.5 MPa (500 psi), ml 
(in.') 

*API = American Petroleum Institute 

4 

Table 13 

Mud Contaminants Tests: Salt and Solids 

Sample Number V 
Salt Contamination 

0 0 
0 0 
0 l b  

0.022 0.017 
( 2 2 )  (17) 
2.9 3.8 
( 6 )  ( 8 )  

1.4 1.0 
( 3 )  ( 2 )  

1.9 1.9 
( 4 )  (4)  

11.1 Y.6 

4.8 4.4 
(0.29) (0.27) 

- 21 - (1.28) 

14.2 14.2 I 

( 5 )  ( 5 )  
0 16 

0.013 0.013 
(13) (13) 
2.4 2.4 
(5)  ( 5 )  

1.0 1.0 
( 2 )  ( 2 )  

4.8 1.9 
(10) (4)  

10.9 10.5 

3.8 4.0 
(0.23) (0.24) 

28.3 
(10) 
0 

0.016 
(16) 
5.8 
(12) 
1.0 
( 2 )  

12.0 
(25) 
9.8 

4.5 
(0.25) 

- - 

28.3 
(10) 

16 

0.016 
(16) 
6.2 
(13) 
1.0 
( 2 )  

5.8 
(12) 
9.9 

4.5 
(0.25) 

25 
(1.53) 

42.5 
(15) 

16 

( 1 7 )  

(15) 
1.4 
(3)  
11.0 
(23) 
10.3 

5.2 
(0.32) 

0.017 

7.2 

25 
(1.53) 

Solids Contamination 

0 
0 

0 

0.022 
(22) 

2.9 
(6 1 
1.4 
( 3 )  

(4)  
11.1 

4.8 
(0.29) 

1.9 

- 
- 

0 141.8 
u (50) 

16 0 

0.017 0.023 
(17) (23) 

3.8 3.8 
( 8 )  ( 8 )  

1.0 1.4 
( 2 )  (3)  
1.9 12.0 
( 4  1 (25) 
9.6 9.5 

4.4 3.6 
(0.27) ( 0 . 2 2 )  

21 - 
(1.28) - 

141.8 
(50) 
16 

U.027 
(27) 
b e  7 

(14) 

1.4 
(3) 

8.6 
(18) 
9.5 

3.2 
(0.20) 

16 
(0.98) 

212.6 
(75)  
0 

0. 028 
(28) 
5.8 

(12)  

1.4 
( 3 )  

21.1 
(44) 
9.5 

3.6 
( 0 . 2 2 )  

- 

212.6 
(75) 

16 

0.036 
(36) 

12.5 
(26) 

3.8 
( 8 )  

28.7 
(60) 
Y.7 

3.2 
(0 .20 )  

17 
(1.04) 

283.5 
(100) 

0 

u. 035 
(35) 

7.2 
(15) 

1.9 
( 4 )  

22.5 
(47) 

9.5 

3.2 
(0.20) 

- - 

283.5 
(100) 

16 

0.049 
(49 1 

14.4 
(30) 

3.8 
( 8 )  

31.6 
(6b) 

9.7 
3.2 

(0.20) 

18.8 
(1.15) 
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iJ 

t s :  Cement and Gypsum . 

- 
Conditions/Properties 

Cement Contamination ' 

Cement, kg/m3 0 0 5.7 5.7 
(2) 

0.018 

(lb/bbl) 
Rolled at 65.6OC (150'F) , hou 16 
Plastic viscosity, Pass 0.016 
(CP) (16) (18) 

Yield point, Pa 
(lb/100 ft2) 

10-second <gel, Pa 
(lb/100 ft2) . 

2.4 
(5) 
1.4 
(3) 

lo-minute gel, Pa 1.9 1.9 1.9 2.4 
(lb/100 ft2) (4 1 (4) , (4) (5) 

PH 11.4 9.6 11.3 - 11.0 
API filtrate, ml 4.8 4.4 4.8 4.8 
(in.3) (0.29) (0.27) (0.29) (0.29) 

Filtrate at 176.6'C (350°F), - 24.4 
(1.49) 

21 3.5 MPa (500 psi), ml 
(in.3) - (1.28) - - 

Gypsum, kg/m3 
( l b / b b l )  

Rolled at 65.6'C (150'F), hours 
Plastic viscosity, Pa*s 

' API filtrate, m l  
- 

Filtrate at 176.6'C (350°F), 
21.0 - 21.4 3.5 MPa (500 psi) , m l  - u (in.3) - (1.28) - (1.31) 
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McCulloch used HTM-1 t o  deepen its Mercer No. 228 w e l l .  The Mercer 
No. 228 w e l l  was being used as an i n j e c t i o n  w e l l .  
l13.375 in . ] )  was set at 1219 metres (4000 f e e t ) .  
on loca t ion  during the last  week of Apri l ,  and rig-up operat ions were 
begun. Dr i l l i ng  began at 1219 metres (4000 f e e t ) .  A conventional 
bentoni te  mud was used t o  d r i l l  from 1219 metres t o  2316 metres (4000 f e e t  
t o  7600 f e e t ) .  
change b i t s .  Water, s e p i o l i t e ,  brown coal ,  sodium polyacrylate ,  and 
c a u s t i c  soda were added t o  the mud while d r i l l i n g  was being ca r r i ed  out 
with a new b i t .  
t e s t i n g  on locat ion.  Daily treatments were a l so  based on d a i l y  tests and 
on p i l o t  tests run on locat ion.  

Casing (34.0 cm 
A d r i l l i n g  r i g  was moved 

The mud was  converted t o  an HTM-1 mud a f t e r  a t r i p  t o  

The exact amount of water d i l u t i o n  was determined by p i l o t  

HTM-1 w a s  used t o  d r i l l  the  i n t e r v a l  from 2316 metres t o  3328 metres 
(7600 f e e t  t o  10 920 f e e t ) .  The formation temperature was 232°C (450°F) a t  

' the  bottom of t h i s  in te rva l .  Under these  condi t ions,  the  HTM-1 mud system 
performed w e l l .  There was no mud s o l i d i f i c a t i o n ,  no corrosion problem, and 
no ser ious  l o s t  c i r cu la t ion .  

The following mud tests were run da i ly :  

Physical  Properties 

Mud dens i ty  
Funnel v i scos i ty  
Plastic v i s c o s i t y  
Yield point 
10-second g e l  
10-minute g e l  
API f i l t r a t e  
Cake thickness 
F i l t ra te  at! 177°C (350°F) and 

Sand content 
Water content 
O i l  content 
So l ids  content 

3.5 MPa (500 p s i )  

Chemical Proper t ies  

Bentonite 
Calcium 
Magnesium 
Chloride 
Carbonate 
Bicarbonate 
Hydroxide 
API a l k a l i n i t y  

Each t i m e  a test was run, the  sample was given an ident i fy ing  number, 
the  w e l l  depth at the  t i m e  the  sample was obtained was indica ted ,  and the  
sample source was ident i f ied .  Material addi t ions  were based on p i l o t  tests 
run on locat ion.  Table 15 shows the  an t i c ipa t ed  consumption of brown coa l  
as depth increased. 

Other per t inent  information obtained included a complete b i t  record 
and records on da i ly  operat ions,  casing and equipment, d a i l y  material 
add i t ions ,  and p i l o t  tests. Analysis of the test da t a  was continuing a t  
the  c lose  of t h i s  report ing period. A comprehensive review of the  r e s u l t s  
of t h i s  f i e l d  test w i l l  appeal: i n  the  next qua r t e r ly  report. 
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6 COMPLETION TECHNOLOGY 

Overall  geothermal w e l l  cos t s  can be reduced s i g n i f i c a n t l y  by improve- 
ments i n  completion technology. Improperly completed wells can substan- 
t i a l l y  reduce energy production and requi re  add i t iona l  w e l l  d r i l l i n g  o r  
f requent  workover. 
design criteria, completion techniques, and/or hardware t o  extend w e l l  l i f e  
and improve production. 
t i v e s  of (1) designing a downhole per fora tor  f o r  use i n  geothermal w e l l  
completions, (2) es t ab l i sh ing  needs and def ining requirements f o r  downhole 
primary cementing too l s  and f o r  monitoring t o o l s  t o  de tec t  cr i t ical  f a i l u r e  
modes of a geothermal w e l l  completion, and (3) designing and demonstrating 
a system using a cont ro l led  c a v i t a t i o n  technique f o r  downhole geothermal 
w e l l  cleaning and scale removal. The s t a t u s  and progress of these a c t i v i -  
ties are described wi th in  t h i s  section. 

The approach t o  improved completions is t o  develop 

Pro jec ts  are present ly  underway with the  objec- 

Completed e f f o r t s  under t h i s  element of the  Geothermal Dr i l l i ng  and 
Completion Technology Development Program have r e su l t ed  i n  improvements i n  
geothermal w e l l  completion technology and i d e n t i f i c a t i o n  of needed technol- 
ogy development. Fa i lu re  modes and reasons f o r  geothermal w e l l  casing 
f a i l u r e s  have been documented and published. 
development t o  reduce the  probabi l i ty  of casing f a i l u r e  were a l s o  formu- 
l a t e d  as part of the  cas ing / l ine r  design and cementing study project .  

Requirements f o r  technology 

Elastomeric f a i l u r e  a t  high temperatures l i m i t s  the use of conven- 
A new design concept was t i o n a l  open-hole packers i n  geothermal w e l l s .  

prepared which u t i l i z e s  a reinforced elastomeric  element and the  p r inc ip l e  
of mechanically support stomer t o  produce minimum stress on the 
element. 

A new technique us e s su re  cav i t a t ing  jets t o  remove scale 
from pipes i n  geothermal power p l an t s  was demonstrated. 
using the  system t o  remove scale from the  wellbore i n  a flowing w e l l  w a s  
also demonstrated, and the  parameters needed f o r  design of an opera t iona l  
downhole geothermal w e l l  cleaning and scale removal system were estab- 
l i shed .  Development of t h i s  system i s  nearing completion, with a f i e l d  
demonstration planned 

The p o s s i b i l i t y  of 

The f i r s t  phase o 
b i l i t y  of d r i l l i n g  mud been completed. Evaluation of t he  
labora tory  test r e s u l t  
impairment due t o  format ion/dr i l l ing  f l u i d  i n t e r a c t i o n  is t i m e  dependent 
w i t h  s i g n i f i c a n t  impairment occurring within 48 hours, residence t i m e ,  (2)  
permeabili ty impairment is temperature dependent with lower temperature, 
i.e., 100°C (212OF), exposures r e su l t i ng  i n  g rea t e r  impairment than higher 
temperature, i.e., 2OOOC (392OF) exposures, and (3) both temperature and 
t i m e  dependence vary with d r i l l i n g  f l u i d  chemistry. 

i nves t iga t e  the  e f f e c t  on rock permea- 

systems indica ted  t h a t  (1) permeabili ty 

A repor t  on t h e  
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experiments is nearing publication. A follow-on project to continue the 
study of drilling fluid/formation interactions is underway. 
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6.1 High-Temperature Per fora tor  
W 

Sandia National Laboratories 
Technical Consultant: W. Leslie (505) 844-3267 

J 

The objec t ive  of t h i s  pro jec t  is t o  determine the  f e a s i b i l  
designing an explosive per fora tor  t h a t  is capable of funct ioning a t  and 
a f t e r  exposure t o  a temperature of 250' t o  3OOOC (482' t o  572'F) f o r  45 
minutes . 

3 A v a r i e t y  of conventiTonal explosive per fora tors  have been purchased 
from a commercial suppl ier .  Diagnostic techniques f o r  determining t h e  

formance of these per fora tors  have been developed. A test chamber has 
en designed and constructed f o r  the  heat ing of perfora tors  a t  e l eva te  

temperatures. After  heat ing,  the  explosive charges w i l l  be f i r e d  i n t o  
t a rge t  and the  performance of the  per fora tor  evaluated from a study of 
t a r g e t .  Trials with the  chamber have been made t o  e s t a b l i s h  t h a t  i t  w i l l  
funct ion as designed. Findings of the  ongoing study phase of the  p ro jec t  
w i l l  determine subsequent e f f o r t s  t o  design a high-temperature per fora tor ,  

Quarter ly  Progress 

An experimental chamber was designed and constructed f o r  the  t e s t i n g  
of per fora t ing  explosive charges a t  elevated temperatures. The*chamber is 
designed t o  bring the  per fora tor  up t o  a predetermined temperature r ap id ly  
and maintain that temperature. The temperature of the  per fora tor  can be 
monitored continuously during the heat ing process. 

Af te r  a f ixed  t i m e  a t  temperature, the  explosive w i l l  be detonated and 
owed t o  pe r fo ra t e  a composite t a r g e t  composed of a 9.5-mm (0.375-in.) 

per fora tor  w i l l  be evaluated by measuring (1) the  diameter of the  
hick s teel  p l a t e  securely at tached t o  an aluminum block. 

et entrance hole,  (2) the  depth of t 

The performance 

rials without explosives 
i enc ie s  were i d e n t i f  

- 

U 

I .  
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Completion Technology Company 
R. E. Snyder (713) 961-5011 
16 November 1979 t o  30 Sep 
46-0173 (Sandia) 

nt :  T. Hinkebein (505) 8 

The pro jec t  ob jec t ive  i s  t o  provide con 
v i ces  t o  t h e  Geotherma ing and Complet 
Program i n  the  fol lowi s: (1 )  e s t a b l i  
quirements f o r  downhole ry cementing t o  
def in ing  requirements f 

, a t  a s ta te-of-ar t  l e v e l ,  
t r ans fe r r ing  the technology t o  

ge DOE/ Sandia 
r ogram. 

The pro jec t  was i n i t i a t e d  i n  the la t ter  part of the  1st quar te r  FY80 
report ing period and continued the  consul t ing se rv ices  provided under a 
previous cont rac t  concerning other  elements of completion technology devel- 
opment. Work on the  state-of-the-art  study of cementing and monitoring 
t o o l s  i s  continuing. 

Quarter ly  Progress 

r epor t s  se rve  as a 

e companies were contacted,  and a l i s t  of 
ava i l ab le  t o  the  geothermal industry was 
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compiled. 
t igated.  
ing equipment. 
dimensional requirements of monitoring equipment. 
spec t ion  techniques, such as the  use of impression packers and mechanical 
o r  s l i c k  l i n e  ca l ipe r s ,  were a l s o  reviewed. The a p p l i c a b i l i t y  of logging 
t o o l s  t ha t  have been developed by SNL w a s  a l s o  assessed. 

Mechanical-as well as electrical monitoring equipment was inves- 

Geothermal w e l l  designs were reviewed t o  determine the 
The emphasis was placed on the  temperature l imi t a t ions  of ex i s t -  

Mechanical casing in- 

Additional contacts  with logging companies were made i n  the  Houston 
area, including a meeting with the  A t l a s  O i l f i e l d  Services Group of Dresser 
Indus t r ies .  

Technology Transfer  - The technica l  paper "Geothermal Well 
Completion: 
Technology Needs" was presented t o  about 200 petroleum engineers a t  the  
Society of Petroleum Engineers (SPE) Southwest Texas Spring Symposium i n  
Corpus C h r i s t i ,  Texas, on 9 A p r i l  1980. 
ical  area does not have hydrothermal geothermal w e l l s ,  the  area is on the  
f r inges  of the Gulf Coast geopressured geothermal area; therefore ,  the  
technology presented a t  the symposium is  highly relevant  t o  the  port ion of 
southwestern Texas which borders the Gulf. . I n t e re s t  i n  the  technology w a s  
expressed by some operators  who are inves t ing  i n  western U.S. hydrothermal 
sites . 

A Crit ical  Review of Downhole Problems and Special ized 

Although t h i s  p a r t i c u l a r  geograph- 

L 
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nique for Downhole Geothermal 
Well Cleaning 

W 

l. 

Contractor: Daedalean Associates, Inc. 
Principal Investigators: Dr. A. P. Thiruvengadam 

Contract Duration: February 1979 to 30 Septe 1980 
Contract Number: 
Technical Consultant: .r Hinkebein (505) 844-5202 

(301) 442-2620 
.s Hochrein, Jr. 

I .  

I 

Project Objective 

The objective 

Work in this program is e n technology acquired under 
a previous DOE contract for the development of a cavitation descaling 

East Mesa (California) 
design is based on the 

Quarterly Progress 

stration currently 

uminum bronze, 

Fluorosint 207, 
- 

t) . .  
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The aluminum-bronze material was suggested by the motor manufacturer 
as a substitute material for the end plates. 
proximately 11% aluminum. It possesses excellent wear resistance, corro- 
sion resistance, and elevated-temperature properties. 

This material contains ap- 

The P/M bronze is an oil-filled, self-lubricating bronze with a chem- 
ical composition of 90% copper and 10% tin. 

The remaining four materials are all thermoplastics. Three materials, 
Fluorosint 500, Fluorosint 207, and TFE, are polytetrafluroethylene-based 
materials. The TFE fluorocarbon is a standard, unmodified Teflon that 
possesses a low coefficient of friction and a 260°C (500°F) continuous- 
service temperatute. 
bon filled with a synthetic mica. 
coefficient of friction of unfilled TFE, but the wear rate is much lower. 
Fluorosint 500 uses the same mica filler as 207 but at a higher fill level, 
which reduces the wear rate even more. 

The fluorosint series are composed of TFE fluorocar- 
The Fluorosint 207 retains the low 

Finally, Torlon 4301 is a poly(amide-imide) &ich exhibits exceptional 
physical and chemical properties and has good wear resistance at elevated 
temperatures. 

The cost quote has been received from Otis to hydrostatically fail- 
test 30.5 metres (100 feet) of the R-70, 2.1-mm (0.083-in.) wall tubing. 
The tube burst test was scheduled near the end of this quarter at the Otis 
Engineering Special Services Division in Dallas, Texas, and Otis has trans- 
ferred several sectihs of the tubing to their Dallas facility. The test 
will consist of Otis personnel attaching the tubing to reel plumbing. The 
tubing will then be hung through the injector assembly with a load equiva- 
lent to 610 metres (2000 feet) of 1.2-kg/m (0.81-lb/ft) tubing attached. 
Then the internal pressure will be increased until the burst point is 
attained. This test is being conducted to produce information on the 
maximum operating pressure to which the tubing can be subjected during the 
actual field test. The calculated burst pressure of the R-70 tubing is 
96.5 MPa (14 000 psi). 

The final machining operation on the cleaning head rotator has begun. 
The top section of the rotator is being machined to incorporate a rotating 
seal utilizing two, polytetrafluoroethylene-lined, spherical bearings and a 
high-pressure/high-temperature, graphite-carbon-glass-teflon cartridge 
seal . 

Design drawings are being sent from Otis on the coupling configuration 
that they recommend be utilized to connect the cleaning heat rotator to the 
Otis R-70 tubing. 
such as threading the tubing with line pipe thread or using a swaged-type 
fitting. Otis is selecting the fitting design most suitable for this 
high-pressure application. When this information is received, the top of 
the tool will be machined to incorporate the specified connector. 

There are several coupling methods that can be used, 

Experiments to determine the threshold intensity of erosion of the 
calcium-based scale found in the East Mesa wells have been completed. It 
has been determined that the miniyum intensity,that must be produced at the 
scale surface is equal to 650 W/m (0.42 W/in. ). In the laboratory, this 

. 

C' 
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b, 
intensity was realized using a taper-jet-configuration nozzle, T-804, at a 
pressure of 68.9 MPa (10 000 psi) and at a distance from the nozzle of 6 
inches. When the nozzle distance is decreased to the optimum distance of 
1.9 cm (0.75 In.), the intensity delivered to the scale surface increases 

' t o  15 000 W/m2 

I .  

. '  ' 

i 
I 
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* Principal Inve : D. Enniss ( 8 0 1 )  582-2220 
10 March 1980 to 30 September 1980 

L 

tudy, under lab0 
ns to investigate 

salinity-contrast" exposure as a 
emperature, and exposure rate, 

2. Permeability re sure to drilling muds containing 
specific-sized bridging particles, as a function of particle size, 
particle size distribution, and temperature, an 

formation under laboratory conditions. 
3. The best method of simulating formation damag a fractured 

This project is the second phase of the study of formation damage 
associated with drilling fluids. Earlier work investigated drilling mud 

ermeability as 

close of FY 79. The 
current phase of the in was initia 

s of drilling-fluid-entrained parti- 

I 

formulated to b 
L 

through the core. 
period, and any effects attributable to the change in permeating fluid are 
noted. 

Permeability is again determined over the same time 

&, 
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Procedures were developed f o r  t h i s  t e s t ing  , and a l l  modifications and 
Debugging tests of t he  ca l ib ra t ions  t o  the  test apparatus were performed. 

computer data acqu i s i t i on  system and discussions with technica l  and area 
representa t ives  of the  leading d r i l l i n g  f l u i d  serv ice  companies were com- 
pleted.  Formulation of the d r i l l i n g  f l u i d  f i l t r a t e  so lu t ions  were based 
upon the  most commonly used systems i n  the  Imper ia l  Valley, which spec i fy  
3 t o  5% concentrat ion of sa l t  per  barrel. 

The tests t o  assess the  e f f e c t s  of f i l t r a t e  chemistry on geothermal 
formation permeabili ty were completed i n  mid-June. 
i n i t i a t e d  a t  the  completion of t e s t i n g ,  and the  r e s u l t s  were being analyzed 
a t  the c lose  of t h i s  report ing period. Modifications t o  sample preparat ion 
f o r  275OC (527OF) test temperatures were not successful ,  and, i n  order t o  
s t a y  on schedule, t h i s  test parameter was lowered t o  250OC (4112'F). 

Data reduction was 

A review of ava i l ab le  sandstone materials was i n i t i a t e d  i n  the  t e s t i n g  
of particle s i z e  effects t o  determine a s u i t a b l e  t e s t ing  material. Mate- 
rials are being evaluated according t o  the.fol lowing criteria: 

Homogeneity 
Porosi ty  
Port  s i z e  uniformity 
Minimal c lay  content 
Permeabili ty 
Ava i l ab i l i t y  

The following progress has been made on the  particle s i z e  d i s t r i b u t i o n  
experiments : 

Material samples of 5, 20, and 50 microns have been received from 
the manufacturers. 
i n i t i a t e d  t o  select samples most uniform i n  s i z e  and shape. 

The study of these samples by SEM has been 

A l i t e r a t u r e  search f o r  core ma te r i a l  has t e n t a t i v e l y  i d e n t i f i e d  the  
Nugget sandstone as f u l f i l l i n g  the  criteria of uniform g ra in  s i z e ,  
15 t o  20% porosi ty ,  less than 5% clay content ,  1 t o  200 mD permea- 
b i l i t y  and l o c a l  a v a i l a b i l i t y .  

The t h i n  sec t ion  ana lys i s ,  determination of physical  p roper t ies ,  and 
permeabili ty t e s t i n g  are proceeding t o  accura te ly  charac te r ize  the  
l o c a l  outcrops. 
sought as a backup. 

A n  a l t e r n a t i v e  t o  the  l o c a l  material i s  a l s o  being 

. 
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7. LOST CIRCULATION CONTROL METHODS 
t 

A major cont r ibu tor  t o  the  high cos t s  experienced i n  geothermal w e l l  ' 

d r i l l i n g  is l o s t  c i rcu la t ion .  
ab le  d r i l l i n g  condi t ions,  including diminished o r  terminated cooling of t h e  
b i t  and removal of bottomhole chips. Also, most d r i l l i n g  f l u i d s  are expen- 
s ive ,  and t ranspor t ion  of add i t iona l  f l u i d  add i t ives  t o  the  d r i l l i n g  s i te  
r e s u l t s  i n  c o s t l y  t i m e  delays as w e l l  as an increased d i r e c t  material/ 
serv ices  costs.  

Dr i l l i ng  f l u i d  l o s s  causes severa l  undesir- , 

Lost c i r c u l a t i o n  problems, i n  general ,  are not w e l l  de- 

Normal indus t ry  prac- 
ined nor r ead i ly  understood, and methods and materials used to con t ro l  
o s t  c i r c u l a t i o n  problems are even more ill defined. 

t ice is t o  treat each l o s t  c i r c u l a t i o n  s i t u a t i o n  separa te ly  as it occurs. 
The approach t o  the  development of l o s t  c i r c u l a t i o n  cont ro l  methods is t o  
(1) cha rac t e r i ze  and def ine i n  d e t a i l  the  opera t iona l  and technica l  param- 
eters of the  problem, (2) formulate poss ib le  so lu t ions ,  and (3) conduct t h e  
ind ica ted  research and development required f o r  ident i fy ing  e f f e c t i v e  con- 
t r o l  o r  prevention methods, materials, and/or equipment. Pro jec ts  are cur- 
r e n t l y  proceeding with the  objec t ives  (13 of determining the  geological  
c h a r a c t e r i s t i c s  of l o s t  c i r c u l a t i o n  zones, (2) of co l l ec t ing ,  c o l l a t i n g ,  
and. analyzing indus t ry  experience concer ing the  Causes, prevention, and 
remedy of l o s t  c i r c u l a t i o n  i n  geothermal environments and (3) of assess ing  
the  state of the ar t  of mapping l o s t  c i r c u l a t i o n  zones i n  geothermal wells. 
The' s t a t u s  and progress of these  a c t i v i t i e s  are described wi th in  t h i s  

~ 
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7.1 Geolog i z a t i o n  of Lost Circulat ion Zones , V 

s i .  (505) 262-2077 
1979 t o  31 Ju ly  1980 

z 

Projec t  Objective 

etermine the  geological  characteris- 
n the  volcanic  sequences encountered during 

These c h a r a c t e r i s t i c s  w i l l  be compared 
KGRAs. I f  s p e c i f i c  l i t h o l o g i c  

proper t ies  are r e l a t ed  c i r c u l a t i o n  i n  e a c h a r e a ,  the  r e s u l t s  f o r  
the  var ious KGRAs w i l l  determine i f  the  proper t ies  are of 

d i t i o n  t o  rock proper t ies ,  the  ef-  
ractices w i l l  be considered t o  determine whether 

o r  d r i l l i n g  indu 

a t i o n  experience i n  g 
Raft River, Idaho; and Valles Caldera, New 

Mexico; is  included i n  t co l lec ted .  The l i t e r a t u r e  search and da ta  
co l l ec t ion  e f f o r t s  have been completed. Analysis of the  da ta  and develop- 

nearing complet 

n problems tha t  are so 
t o  so lve  these prob- 

* 
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various top ics  reviewed. 
i t y  and permeabili ty of fhe rocks of the  ESRP. 

Some of these repor t s  contain da ta  on the  poros- 

The core from one of the  i n j e c t i o n  wells w a s  examined. Except f o r  
providing a v i s u a l  representa t ion  of the  rocks described i n  the  repor t s ,  
the  core gave no information regarding the  s i z e  of f r ac tu res  i n  l o s t  circu- 
l a t i o n  zones o r  the  extent  t o  which permeabili ty i s  r e l a t ed  t o  porosi ty  f o r  
these rocks. 

Excluding lava tubes because of t h e i r  unpredictable and highly local-  
ized d i s t r i b u t i o n ,  the  most severe and commonly encountered l o s t  c i rcu la-  
t i o n  problems occur i n  the zones between overlapping lava flows. When an 
emplaced lava flow cools ,  extensive f r ac tu r ing  occurs a t  the  surface.  An 
overr iding flow has a blocky cooling r ind  tha t  forms a t  the  sur face  and is 
incorporated i n t o  the  base of the  flow and overridden as the  flow moves 
downslope. The combination of a highly f rac tured  flow-top and a blocky 
basal  port ion of the  overlying flow r e s u l t  i n  zones of extremely high 
permeability. These zones are not exposed i n  the  NRTS area, but measure- 
ments were taken of some f r a c t u r e  zones i n ’ t h e  top of a lava flow t h a t  i s  
exposed. 

According t o  the USGS i n  Denver, there  are no data  r ead i ly  ava i l ab le  
on l o s t  c i r c u l a t i o n  problems. However, t h i s  o f f i c e  has been working with 
an acous t i ca l  televiewer t h a t  may y i e ld  r e s u l t s  i n  t h i s  area. Fractures  
can be i d e n t i f i e d  by use of the  televiewer,  although add i t iona l  da ta  on the  
s i z e  and amount of l o s t  c i r c u l a t i o n  material are required i n  order  t o  
determine the  permeabili ty of f r a c t u r e  zones. 
viewer is  i ts  i n a b i l i t y  t o  d i s t ingu i sh  open and sealed f rac tures .  A repor t  
has been completed by the  USGS on t h i s  work, but t he  da ta  w i l l  not be 
ava i l ab le  u n t i l  publication. 

The problem with the  tele- 

USGS open f i l e  repor t s  containing the  electric and l i t h o l o g i c  logs f o r  
the  Cove Fort-Sulphurdale KGRA were reviewed. Lost c i r c u l a t i o n  zones are 
not indicated on the  logs  e i t h e r  d i r e c t l y  o r  through in t e rp re t a t ion .  The 
d r i l l i n g  summary r epor t s  provided by the  DOE o f f i c e  i n  Idaho F a l l s  contain 
only references t h a t  l o s t  c i r c u l a t i o n  was encountered, with - no indica t ion  
of what was done t o  solve the  problem. 

Although the Nevada T e s t  S i t e  (NTS) is  not a KGRA,,the volc  
a t  the  s i te  are similar i n  o r i g i n  and composition t o  the  volcanic  rocks i n  
many areas tha t  do have geothermal poten t ia l .  The f r a c t u r e  s tud ie s  ava i l -  
ab le  from the  d r i l l i n g  a t  NTS were expected t o  be de t a i l ed  because of t he  
concern by the f e d e r a l  government about possible  leaks of rad ioac t ive  gases 
from nuclear tests. 

Fennix & Scisson, Inc. (FbS), is  the government cont rac tor  t h a t  su 
p l i e s  the  technica l  personnel f o r  the  d r i l l i n g  and mining a t  NTS. 
Geology Division supplied the  d r i l l  hole l i t h o l o g i c  logs. E l e c t r i c  logs 
and d r i l l i n g  h i s t o r i e s  were supplied by the  F&S Engineering Division. 
Cores are s tored a t  the USGS Core Library and are ava i l ab le  f o r  examina- 
t i on ,  provided tha t  a s p e c i f i c  d r i l l  hole number and depth i n t e r v a l  a r e  
requested. 

The 

Because of a l l  the d r i l l i n g  tha t  has been completed a t  NTS, 
l og ica l  personnel contacted could not remember the  s p e c i f i c  de t a  
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s p e c i f i c  d r i l l  holes. ne d r i l l i n g  h i s t o r i e s  and d a i l y  d r i l l i n g  shee ts  
general ly  provided only t he  S-hour i n t e r v a l s  during which c i r c u l a t i o n  w a s  
l o s t  and the  amounts of l o s t  c i r c u l a t i o n  material used during each t i m e  
i n t e rva l .  When the  s p e c i f i c  depths of l o s t  c i r c u l a t i o n  zones were deter-  
mined, the  e l e c t r i c - l o g s  showed no anomalous values t h a t  cor re la ted  with 
these  zones. 

Li 

. 
area, and the  poss ib le  inf luence t h a t  the  f r a c t u r e s  might have on d r i l l i n g  
w a s  invest igated.  
z e o l i t i z e d  tu f f  are extensively fractured.  Because the  outcrops are ex- 
posed at the  sur face ,  those f r ac tu res  with widths t h a t  could cause s igni -  
f i c a n t  l o s t  c i r c u l a t i o n  probably are the  r e s u l t  of f r o s t  wedging and are 
not t yp ica l  of the  rock type as a whole. Most of the  f r ac tu res  have widths 
of less than 5.0 mm (0.2 in.). The granular ,  weakly consolidated,  water- 
l a i d  t u f f s  were able  t o  d i s s i p a t e  imposed stresses by in te rgranular  move- 
ment ins tead  of by .fracturing. This rock" type has a porosi ty  and perme- 
a b i l i t y  similar t o  t h a t  of a coarse-grained quartz  sandstone and probably 
would cause Some f l u i d  loss i f  penetrated during d r i l l i n g .  Conventional 
l o s t  c i r c u l a t i o n  cont ro l  techniques would s top  the  f l u i d  l o s s  . 

Outcrops of various rock types were examined i n  the  'NTS Kainier Mesa 

The r e l a t i v e l y  b r i t t l e  vi t rophyre,  welded t u f f ,  and 

I n  addi t ion  t o  t h e i r  sur face  exposures, the  z e o l i t i z e d  t u f f s  were 
examined i n  two of the  tunnels  i n t o  Rainier Mesa. Most of the  f r a c t u r e s  
are closed. Those f r ac tu res  tha t  are open usual ly  have a width i n  the  
range of 0.1 t o  6.0 cm (0.04 t o  2.36 in.). 
f r a c t u r e s  could not be determined. 

The lateral ex ten t  of t he  

Lawrence Livermore Laboratory (LLL) showed movies, taken a t  NTS with a 
downhole camera, of severa l  of the  large-bore d r i l l  holes. I f  t he  hole  
diameter is  known, the  circumference can be establ ished.  On a single-frame 
p ic tu re  from the  movie, the  r a t i o  of the  f r a c t u r e  width t o  the  hole circum- 
ference a l s o  can be establ ished.  Determining t h i s  r a t i o  would al low f o r  
the  a c t u a l  f r a c t u r e  width t o  be calculated.  Each movie has a continuous 
readout of the  depth being observed, so t h a t  the  vertical  extent  of the  
l o s t  c i r c u l a t i o n  zone can be determined. A f r a c t u r e  permeabili ty can be 
estimated based on the  f r a c t u r e  data and on the  amount and the  s i ze  of t he  
lost c i r c u l a t i o n  material used. No measurements could be made from the  
movies because the  pro jec tor  could not be stopped f o r  a s ing le  frame. 
Sandia has made arrangements t o  obta in  copies of severa l  f i lms  from LLL. 

A review of the  var repor t s  co l lec ted  a t  NTS i nd ica t e s  t h a t  the  

e a t  any loca t ion  of which they 
de ta i l ed  da ta  required f o r  t h i s  pro jec t  are not included. 
t he  data are not ava i l ab le  from any sou 
are aware. 

F&S s t a t e d  t h a t  

Data c o l l e c t i o n  from p r iva t e  companies continued t o  be unproductive. 
a d r i l l i n g  data  and logs from Herkenhoff, Gordon, and Associates f o r  t h e  

water wells l o  Los Alamos ar d e t a i l  t o  be 
of use i n  d e t e  zones. A l l  
knowledgeable per and therefore  
not ava i l ab le  ur ing the  pro Other than the 
r epor t s  on f i l e  with DOE, information on l o s t  c i r c u l a t i o n  zones from Union 
Geothermal is not ava i l ab le  a t  t h i s  time. 

" 
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Preparation of the f i n a l  repor t  w a s  nearing completion a t  the  c lose  of 6: 
t h i s  report ing period. The repor t  w i l l  be published separately.  The 
preliminary conclusions based on the  f indings i n  t h i s  pro jec t  are . 

1. Detailed qua i t a t i v e  data  on the  geological  c h a r a c t e r i s t i c s  of 

2. 

l o s t  c i r c u l a t i o n  zones do not e x i s t ,  

Electronic  logging methods are ab le  t o  measure the  physical  prop- 
erties of the  rocks and i n  r s t i t i a l  f l u i d s ,  but these  methods do 
not measure the  dimensions f voids tha t  might cause l o s s  of 
d r i l l i n g  f l u i d s ,  

Other equipment, such as an acous t i ca l  televiewer and a downhole 
camera, may loca te  f r  nd voids, but the  lateral extent  and 
permeabili ty of these cannot be determined by using these 
instruments,  and 

4. If new techniques t o  o s t  c i r c u l a t i o n  are t o  be developed, 
experiments must be conducted i n  d r i l l  holes t o  determine the  
physical  parameters of those zones f o r  which present techniques t o  
cont ro l  f l u i d  l o s s  are not adequate. 

3. 

I 
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perature History and Lo 
in Geothermal Wells 

LJ 

- 
Contractor: 
Principal Invest y (713) 521-9294 

Contract Number: 13-8769 (Sandia) 

Enertech Engineering and Research Co. 

- Contract Period: t 1979 to 31 May 1980 

(505) 844-5202 

e temper histories The objective of this project is to p 
required for geothermal well casing design and to provide a synopsis of 
causes and preventions of, and 
environments. The data will b 
drilling, production, and , using the GEOTEMP code. 

dies to, lost circulation in geothermal 
d for thermal simulation of wells during 

. An information survey plan was devel to acquire and organize the 
required well thermal history and lost circulation experience data. 
data collection ef f or nearing completion, and thermal simulations using 
the GEOTEMP code have initiated. Ex sion of the project work period 
is in process. 

The 

Quarterly Progress 

Temperature History - 
sources. 

Thermal Property 
Rock Mechanics 3 2 2 7 

1 6 8 Other 
Total 7 6 9 6 17 45 

- - 1 - -  
Id 
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Li Abstracts for these 45 references have been requested. Based on a 
review of the abstracts, appropriate papers are being selected as the final 
step in the search process. 
data. Note that the key word "Rock Property" has provided more than half 
of the references . 

Selected papers will be reviewed for property 
* 

Based on the 29 January 19110 interview with Los Alamos personnel, and 
from information obtained from Los Alamos publications, input data for 
thermal simulation of drilling of the Los Alamos GT-2 well have been com- 
piled for application to GEOTEMP. Figure 20 shows the actual drilling 
schedule down to a depth of 1067 metres (3500 feet) in the GT-2 well. The 
total depth is 2932 metres (9619 feet), with a bottomhole temperature of 
197°C (387°F). Additional data were requested from Los Alamos t o  complete 
the drilling schedule to total depth. For simulation purposes, the depth- 
time plot in Figure 20 has been approximated by the four straight-line seg- 
ments shown in Figure 21. 

The average mud circulation time per day is required by GEOTEMP be- 

In Figure 22, the cumulative time as 
cause each day of drilling simulation is divided into a shut-in part (zero 
flow rate) and a circulating part. 
determined from the penetration rate for each 3.lmetre (10-foot) depth in- 
crement in the GT-2 well is plotted versus depth. Because depth penetra- 
tion occurs only while drilling mud is circulating, the plot in Figure 22 
represents the cumulative circulation time. For the depth interval shown 
in Figure 22, 37 to 488 metres (120 to 1600 feet), the circulating time is 
2.25 days. 
depth interval is 6.75 days, indicating that the average circulating time 
per day is 8 hours. 
the drilling schedule. 

As shown in Figure 20, the total time required to drill this 

This average value will be assumed to occur throughout 

The actual undisturbed geothermal temperature distribution is shown in 
Figure 23. 
GEOTEMP is presented in Figure 24. 

A bilinear approximation of the geothermal gradient for use in 

Four drilling fluids were used in drilling the GT-2 well. Water-base 
mud, water, foam, and air were used for the depth intervals shown in Fig- 
ure 20. In the GEOTEMP simulation, Figure 21, the different drilling 
fluids correspond to the four straight-line segments. Hence, the fluid 
properties can be changed in the simulation at the same time that the 
penetration rate is changed. The mud parameters follow: 

Mud density 1108 kg/m3 (9.25 lb/gal) 
Plastic viscosity 
Yield point 1.4 Pa (3.0 lb/100 ft') 
Flow rate 0.008 m3/s (3.0 bbl/min) 

0.01 Paes (10.0 cp) 

Although mud viscosity for the GT-2 well is reported in units of 40 sec- 
onds, corresponding to the Marsh funnel viscosity, GEOTEMP simulation re- 
quires values in terms of plastic viscosity and yield point. Since funnel 
viscosity cannot be converted directly to plastic viscosity and yield 
point, typical values of these parameters have been assumed for the water- 
base, low-solids mud used in drilling the GT-2 well. 
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Water proper t ies  correspond t o  f r e s h  water propert ies .  Air and foam 
proper t ies  w i l l  be approximated i n  GEOTEMP with the  assumption of low- 
dens i ty ,  low-heat-capacity f lu ids .  Typical values f o r  v i scos i ty  of a i r  and 
foam w i l l  be used. 

The GT-2 casing and cement program f o r  GEOTEMP s imulat ion is shown i n  
Figure 25. 
27.3-cm (10.75-in.) casing set at 772.7 metres (2535 f e e t ) .  Below t h i s  
depth, the  rock formation is g r a n i t i c ,  and the  hole is open. The d r i l l  
p i p e  is 14.0 by 10.2 cm (5.5 by 4 in.). The w e l l  5s completed with 11.4-cm 
(4.5-in.2) ou ts ide  (0.d.) tubing set i n  a packer a t  bottomhole. 
the  hole is deviated approximately 5", the  GEOTEMP s imulat ion w i l l  assume a 
v e r t i c a l  w e l l .  

Three casing s t r i n g s  are included, with the  deepest s t r i n g  of 

Although 

The temperature h i s t o r y  work i n  t h i s  e f f o r t  includes simulation of 
d r i l l i n g  f o r  GT-2 and inject ion/product ion f o r  t he  GT-2/EE-1 system of the  
Los Alamos HDR project .  

A t o t a l  of th ree  geothermal f i e l d s  w i l l  be considered f o r  determining 
typ ica l  and a typ ica l  temperature d i s t r ibu t ions .  I n  addi t ion  t o  the  Los 
Alamos geothermal f i e l d ,  The Geysers and Imper ia l  Valley w i l l  a l s o  be 
simulated. For each case, the  GEOTEMP s imulat ion w i l l  include d r i l l i n g ,  
i n j e c t i o n ,  and production h i s t o r i e s .  

Ci 

. 

. 

The Union data  on d r i l l i n g  and production i n  The Geyers has not ye t  
been received. The approval f o r  release of the  da ta  is pending. Data on 
d r i l l i n g ,  production, and i n j e c t i o n  i n  the Imperial Valley have been re- 
quested from Republic Geothermal. 

Terra Tek, S a l t  Lake City,  Utah, was contacted t o  obta in  geothermal 
rock property data.  Two documents, References 1 and 2, were provided. 
Reference 2 contains  information on test samples taken from cores  from the  
E a s t  Mesa f i e l d  of the  Imperial  Valley. The core material represents  a 
sandstone a t  1676 metres (5500 f e e t ) .  Reference 1 provides da ta  on g r a n i t e  
cores  from The Geysers. Samples from these  cores were t e s t ed  dry a t  a 
confining pressure of 13.8 MPa (2000 p s i )  t o  simulate e f f e c t i v e  s t r e s s  
overburden. Assuming a v e r t i c a l  and hor izonta l  e f f e c t i v e  stress gradien t  
of 0.01 MPa/m and 0.007 MPa/m (0.6 p s i / f t  and 0.3 p s i / f t ) ,  respec t ive ly ,  
then the mean normal e f f e c t i v e  stress is  

which gives  a representa t ive  depth of 1524 metres (5000 f e e t )  f o r  the  cony 
f in ing  pressure of 13.8 MPa (2000 ps i ) .  

Mechanical proper t ies  labora tory  test da ta  f o r  the g r a n i t e  are shown 
i n  Figures 26 and 27 and represent  pure compression from the  reference 
state of 13.8 MPa (2000 p s i ) ,  i.e., s t r a i n s  during hydros ta t ic  loading t o  
the  reference s t a t e  are not included i n  the  p lo ts .  The s t r a igh t - l i ne  por- 
t i o n s  of the  p lo t ted  data  can be used t o  ca l cu la t e  elastic moduli f o r  the  
simulated depth conditions.  The right-hand-side of Figure 26 provides the  
Youngs modulus, and the  left-hand-side gives the Poisson ratio. Figure 27 
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gives the  bulk modulus. Values of these proper t ies  are presented i n  Table 
17. As a comparative test of the  r e s u l t s ,  the  Poisson r a t i o  determined 
from the laboratory da ta  shows reasonably c lose  agreement with the  value 
ca lcu la ted  from the  other  two moduli. 

- 

Table 17 
- I C  

Mechanical P rope r t i e  

Imperial  Valley 
Property Sands tone 

Youngs modulus, E, 12.69 (1.84) 
kPa (ps i ) '  x lo6 

Bulk modulus, K, 
kPa ( p s i )  x lo6  

7.38 (1.07) 

Poisson r a t i o ,  y 
From test data  
Calculated from 

0.17 
0.21 

3K-E y = -  
6K 

Simulated depth,  metres ( f e e t )  1 676 (5 500) 

bBased on a 13.8-MPa (2000-psi) confining pressure 

T e s t  temperature, O C  ( O F )  175 (374) 

a Determined from test da ta  i n  References 1 and 2 

Rocksa 

The Geysers 
Grani te  

43.64 (6.33) 

20.68 (3.00) 

0.13 
0.15 

1 524 (5 OOO)b 
200 (392) 

and an assumed 
mean normal e f f e c t i v e  stress gradient  of 9.2 kPa/m (0.4 p s i / f t )  

_ -  

Figures 28 and 29 show similar mechanical test da ta  f o r  the  E a s t  Mesa 
sandstone. Figure 29, however, exh ib i t s  the e n t i r e  loading curve f o r  
hydros ta t ic  compression, and, therefore ,  only the  s t r a i g h t  l i n e  port ion a t  
( 0 3  - PPI = 21.3 MPa, which simulates a depth of 1676 metres (5500 f e e t ) ,  
is  used t o  evaluate  the bulk modulus. In  Figure 28, the  curves f o r  1682 
metres (5517 f e e t )  are used t o  ca l cu la t e  the Youngs modulus and Poisson 
r a t i o .  The modulus values  f o r  the  sandstone are given i n  Table 17. 

The values i n  Table 17 represent  the matrix material only and, hence, 
are associated with e f f e c t i v e  stresses and s t r a i n s .  For the  t o t a l  mate- 
r ia l ,  which includes the  e f f e c t  of port  f l u i d s ,  the  moduli f o r  "drained" 
condi t ions are the  same as the matrix moduli, but f o r  "undrained" condi- 
t i o n s ,  the  moduli are d i f f e r e n t  due t o  pore f l u i d  compressibi l i ty .  

Thermal properties laboratory test da ta  from ence 1 on thermal 
conduct ivi ty  and thermal d i f f u s i v i t y  f o r  g r a n i t e  are shown i n  Figures 30 
and 31. Heat capac i ty  f o r  a range of rock types is  presented i n  Figure 32 
and ind ica t e s  t h a t  property values are governed mainly by temperature b.i 
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LJ r a the r  than rock type. 
shown i n  Figure 32. Table 18 lists da ta  taken from Figures 30, 31, and 32 
f o r  two temperatures of i n t e r e s t ,  100" and 200°C (212" and 392°F). 
is a l s o  presented. 

It is assumed tha t  g ran i t e  f a l l s  within the  range 

Density - 
Figures 33 and 34 show da ta  from Reference 2 f o r  Imperial  Valley sand- 

stone. Property values  f o r  the  sandstone a t  100" and 250°C (212O and 
482OF) are given i n  Table 18. 

2 

Comparison of values f o r  g ran i t e  and sandstone ind ica t e  an i n t e r e s t i n g  
cha rac t e r i s t i c .  Although g ran i t e  has a g rea t e r  densi ty  than sandstone, as 
expected, the conductivity of the  g ran i t e  is s i g n i f i c a n t l y  less. I n t u i t i o n  
suggests t ha t  a denser material would be more conductive, but apparently 
the  g ran i t e  matrix material has a much g rea t e r  res i s tance  t o  heat flow than 
has quartz. 
which lists conductivity values f o r  g ran i t e  and sandstone. 

This d i f fe rence  i s  a l s o  supported by data  i n  Reference 3, 

Lost Ci rcu la t ion  -- The l o s t  c i r c u l a t i o n  lit e search has uncov- 
ered 64 references,  as shown i n  Table 19. 

Abstracts  f o r  these references have been obtained, and an abs t r ac t  re- 
view has been i n i t i a t e d .  After the f i n a l  s e l e c t i o n  of papers is made based 
on the  a b s t r a c t s ,  the  papers w i l l  be r e t r i eved  d evaluated. 

Interviews with two mud serv ice  companies, IMCO Services and NL Baroid 
Laborator ies ,  were conducted i n  Houston, Texas, during t h i s  reporf ing pe- 
r iod.  Synopses of these interviews follow. 

IMCO Interview 

IMCO i n  Houston recommended tha t  t h e i r  o f f i c e  i n  Long Beach, Califor- 
n i a ,  be contacted about l o s t  c i r c u l a t i o n  during geothermal d r i l l i n g .  The 
meeting i n  Houston concentrated on l o s t  c i r c u l a t i o n  materials and labora- 
tory t e s t i n g  of l o s t  c i r c u l a t i o n  method effect iveness .  A l ist  of commer- 
c i a l  l o s t  c i r c u l a t i o n  ma te r i a l s  marketed by IMCO w a s  provided. 

I n  October 1979, IMCO designed and constructed a l o s t  c i r c u l a t i o n  test 
c e l l  t o  evaluate  an oil-base mud f o r  a c l i e n t .  With the  exception of test- 
ing performed f o r  t h i s  one appl ica t ion ,  IMCO has not used the  apparatus f o r  
any fu r the r  tes t ing .  The IMCO cel l  is d i f f e r e n t  from the  standard API cel l  
f o r  t e s t i n g  l o s t  c i r c u l a t i o n  materials. As  p a r t  of the  task  t o  provide a 
l is t  of ex i s t ing  experimental equipment f o r  l o s t  c i r c u l a t i o n  evaluat ion,  
the  IMCO test c e l l  is  described below. 

The aluminum c e l l  cons i s t s  of a cyl inder  and s l o t t e d  i n s e r t .  The 
cy l inder  is 0.61 metre (24 inches) long with a 10.2-cm (4-in.) i.d. and 
12.7-mm (0.5-in.) w a l l  thickness.  It is rated f o r  a pressure of 3.5 MPa 
(500 ps i )  and is  equipped with an electric heat  s t r a p  t o  impose tempera- 
t u re s  of up t o  66°C (150°F). The c y l i n d r i c a l  n s e r t  is s p l i t  lengthwise 
i n t o  t w o  halves t h a t  form a wedge-shaped s l o t  long the length of the  in- 
sert. The s l o t  s i z e  is 30.5 c m  (12 in . )  v e r t  I l y  and 6.4 (2.5 in . )  
hor izonta l ly ,  with a va r i ab le  s l o t  width depending on the  i n s e r t  halves 
used i n  a given test. Different  i n s e r t  halves can be combined t o  give s l o t  
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Table 19 

bi 

. 
Reference Sources on Lost Ci rcu la t ion  . 

Key Word Number of Keferences by Year 
1975 - 1976 - 1977 1978 1Y7Y (thru Oct) Total - - 

Formation Plugging 9 5 5 4 4 27 

Lost Circulation 6 4 3 2 15 

Lost Circulation 3 1 4 

Plugging Agent 6 4 2 4 1 17 

1 Thief Formation 
22 13 13 8 a 64 

Additive 

- - - - - 1 - 

widths of 0.127, 0.25, 0.51, 1.27, and 2.54 mm (0.005, 0.01, 0.02, 0.05, 
and 0.1 in.). 
l a r g e r  width of the  wedge-shaped s l o t  a t  the top. 

The i n s e r t  w i t h  s l o t  i s  i n s t a l l e d  i n  the  cy l inder ,  with the  

Tests are performed with 1000 cm3 (0.26 g a l )  of mud on top of the  
s l o t .  Fluid pressure is applied t o  force  the  mud through the  s l o t .  The 
dura t ion  of each test is 1 hour, with f l u i d  l o s s  readings taken a t  15- 
minute in t e rva l s .  The r e s u l t s  are p lo t ted  i n  terms of f l u i d  l o s s  versus 
time f o r  each s l o t  s i z e  used. 
i s  observed upon dismantling the i n s e r t  a f t e r  each test. 

The depth i n  the  s l o t  where bridging occurs 

C e l l  drawings and test r e s u l t s  were requested,  but IMCO p re fe r s  t o  
keep the information propr ie ta ry  a t  the  present t i m e .  

Baroid Interview 

Baroid's  experience with geothermal d r i l l i n g  is pr inc ipa l ly  i n  the  
Imperial  Valley, where the  sedimentary formations are d r i l l e d  with con- 
vent iona l  l i qu id  muds; a i r  d r i l l i n g  is not common. With mud weights of 
less than 1078 kg/m3 (9 l b / g a l ) ,  l o s t  c i r c u l a t i o n  is minimized. Above 
1078 kg/ms (9 l b / g a l ) ,  l o s t  c i r c u l a t i o n  materials such as wood f i b e r s  are 
used. I f  l o s t  c i r c u l a t i o n  occurs, i t  is d r i l l i n g  induced r a t h e r  than 
n a t u r a l l y  induced by f r a c t u r e s  or  vugs as i n  The Geysers. 
formations i n  the  Imper i a l  Valley are composed of consolidated sands and 
sha le s ,  na tu ra l  f r ac tu res  have been observed by Baroid i n  some cores ,  bur 
Baroid does not consider these f r ac tu res  t o  be s i g n i f i c a n t  t o  the  l o s t  cir- 
c u l a  t ion. 

Although the  

I n  the Imper ia l  Valley, Baroid considers the  major d r i l l i n g  problem t o  
be temperature, not l o s t  c i rcu la t ion .  
d r i l l i n g  i n  the 204" t o  260°C (400" t o  500PF) temperature range cons i s t  of 
l i g n i t e ,  c lay,  bentoni te ,  and su r fac t an t  t o  reduce high-temperature 

Typical muds offered by Baroid f o r  

?' 
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gelat ion.  
used as a s u b s t i t u t e  f 0 r . a  port ion of the  bentoni te  t o  minimize ge l a t ion  
and baking. 
is  a l s o  used as an add i t ive  f o r  high-temperature f i l t r a t e  cont ro l  but i s  

towers are used t o  maintain mud O C  (130'F) i n l e t  and 
82OC (180OF) out le t .  

I n  addi t ion  t o  the use of the  su r fac t an t ,  s e p i o l i t e  is  sometimes 

Ratios of s e p i o l i t e  t o  bentoni te  range from 25 t o  SOX. Cypan 
-u 
* very s e n s i t i r e  t o  calcium i n  formation water. Evaporative-type cooling 

With regard t o  cementing i n  the  Imper 

It was mentioned tha t  remedial cementing is of ten  necessary 
No 

Baroid is  not aware 
of l o s t  c i r c u l a t i o n  problems, even though cement weights exceed 1078 kg/m3 
(9 lb /ga l ) .  
because of cement f inger ing  caused by underground water percolation. 
w e l l  cont ro l  problems due t o  high-pressure gas or  hydrogen s u l f i d e  have 

casing problems i n  the Imper ia l  Valley were noted. One 
is corrosion assoc ia ted  with underground water percolation. The other  i s  
thermal p a r t i m  andlpr buckling due t o  temperature changes during opera- 
t ions.  

h i l l i p s  Geothermal ing Experiences 

D r i l l i n g  experiences i n  s i x  geothe areas  were discussed w i t h  
P h i l l i p s  Geothermal, S a l  ke City,  Utah. The areas discussed were as 
follows : 

Utah : Roosevelt Hot Springs 
Iowa : 
Nevada : Humboldt House Reservoir 
Nevada : Desert Peak 
Nevada : Steamboat Springs 
Cal i forn ia :  Plumas County 

Most experience with l o s t  c i r c u l a t i o n  has occurred i n  the  Roosevelt 

Soda Lake/Mountain Home S i t e  

I .  

lease, where s ix  wells have been d r i l l e d  by P h i l l i p s  and f i v e  w e l l s  by 
o the r  operators ,  including Get ty ,  McCulloch, and Amax Thermal Power. 

r cu la t ion  was 

* i t e  the  l o s t  

uid,  ind ica t -  

LI 



The l o s t  c i r c u l a t i o n  problem i n  Well No. 82-33 s t a r t e d  a t  504 metres L.. 
(1655 f e e t ) ,  when the  d r i l l  pipe dropped 0.61 metre (2 fee t ) .  Approxi- 
mately 2 weeks were required t o  d r i l l  through the  l o s t  c i r c u l a t i o n  zone 
from 504 t o  610 metres (1655 t o  2000 f e e t ) .  
recorded, is shown i n  Table 20. The list of l o s t  c i r c u l a t i o d  materials 
used i n  t h i s  w e l l ,  including huge amounts of lumped coa l ,  a l f a l f a  cubes, 
and p l a s t i c  bags f i l l e d  with wood and barite, demonstrates the  s e v e r i t y  of 
the problem. The extra cos t  i n  r i g  t i m e  and materials represents  a major 
pa r t  of the t o t a l  w e l l  cost .  

The day-by-day experience, as - 

Table 20 

Lost Ci rcu la t ion  Experience Record, Roosevelt Lease, Utah 

DATE 

1 1-1 9-7 5 

11-20-75 

11-21-75 

11-22-75 

11-23-75 

Lost Ci rcu la t ion  Control Act iv i ty  

Lost re turns  at 1655 t o  1657 f t ;  f r ac tu red  formation. 
Mixed p i t  with 30% l o s t  c i r c u l a t i o n  materials (LCM); d r i l l e d  
t o  1678; no returns .  

Lost 1400 bbl mud. 
Pumped 300 bbl mud, 35% LCM; hole  f i l l e d  t o  50 f t .  
Pumped 300 bbl mud, 35% LCM. 
Pumped 100 bbl mud i n  d r i l l  pipe,  25 bbl; mud i n  annulus; no 

Pumped high-water-loss p i l l ;  no returns .  
Mixed 1 p i t  mud, 35% LCM; pumped i n  hole. 
Mixed and pumped 50 sacks Class B cement; tagged top of 

re turns.  

cement 

Mixed and pumped 50 sacks Class B cement; tagged cement. 
Mixed and pumped 50 sacks Class B cement; tagged top of cement 

Dropped 2 tons a l f a l f a  cubes plus 300 bbl of water; no f i l l  

Dropped 1-1/2 tons a l f a l f a  cubes plus 200 bbl water; no f i l l .  
Dropped 200 g a l  soaked burlap sacks. 
Dropped 1-1/2 tons  a l f a l f a  cubes plus 200 bbl of mud, 35% 

at  1647 f t .  

i n  hole. 

LCM. 

B i t  i n  hole; no f i l l .  
Pumped 200 gel led  burlap sacks. 
Pumped 3 tons lumped coa l ,  6 t o  9 in. 
Pumped 2 tons a l f a l f a  cubes. 
Hole f i l l e d  up. 
Dr i l led  bridges t o  16SQ f t ;  l o s t  re turns .  

Dropped 180 burlap sacks i n  hole. 
Dropped 1 t on  lumped coa l ,  6 t o  9 in.  
Dropped 2-1/2 tons a l f a l f a  cubes i n  hole. 
Dropped 2 tons  lumped coa l  i n  hole. 
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Table 20 (Cont 

Lost Circulat ion,Experience Record, Roosevelt Lease, Utah 

.s 

DATE 

-24-75 

Dropped 7 p l a s t i c  bags f i l l e d  with mud (10-in. 0.d. by 15 f t  

Hole clear t o  1658 f t .  I 

long) followed with ge l l ed  mud. 

11-25-7 ole.  
Pumped 1 p i t  mud, 35 
Spot 150 sacks b a r i t  lug; no fill. 

CM; d r i l l e d  bridges 1675 f t .  

\ Spot 150 sacks barite plug; no f i l l .  r 

11-26-75 i l l e d  with wood chips and b a r i t e  i n  
h 400 bbl mud; no f i l l .  

1 1-28-7 5 Flushed 420 g a l  d i e s e l  o i l .  
Flushed 840 g a l  d i e s e l  oil mixed with 6 g a l  DOC No. 12. 
Flushed with 200 sacks Class B cement. 

11-30-75 Dr i l led  12 hours; no 
Dr i l l ed  15 ho 

12-2-75 Ran 9-5/8 in. set a t  2001 f t .  
p Pumped,200 sacks Class B cement plus  s i l ica  f lour .  

Pumped 600 sacks Class B cement plus si l ica f lour .  
Dr i l led  t o  2160 f t ;  l o s t  re turns .  
Pumped mud with coarse m i c a  f l akes ,  Fiber tex,  Plug-It, co t ton  

seed h u l l s  
Pumped mud conta 
Dr i l l ed  t o  2240 
Carrying 12% LCM 

12-4-75 F u l l  re turns  . 

No casing problems such as buckling o r  thread jump have occurred a t  
Roosevelt, even though 10 t o  12 cyc le s  of on-off production have taken 
place . 

Concentric d r i l l . s t r i  w a s  considered and s inquired about fo r  

4 

d r i l l i n g  l o s t  c i r c u l a t i o n  zones but has not been used. P h i l l i p s  has not 
used any sensing devices o r  de t ec t ion  methods i n  l o s t  c i r c u l a t i o n  zones. 
However, i t  w a s  reported tha t  Amax Thermal Power has run the  borehole 
te leviewer i n  w e l l s  a f t e r  d r i l l i n g  t o  inspect  f rac tures .  

14 7 



t i  In  1978, P h i l l i p s  d r i l l e d  w e l l s  i n  Idaho i n  two sites, Soda Lake and 
Mountain Home. A l l  w e l l s  were nonproductive. Lost c i r c u l a t i o n  was en- 
countered i n  metamorphic formations but was cont ro l led  with commercially 
ava i l ab le  l o s t  c i r cu la t ion  materials. 

During 1976 through 1979, th ree  s i t q s  i n  western Nevada were d r i l l e d  
by Ph i l l i p s .  
two productive hot water wells and one dry w e l l .  
blems w e r e  encountered. I n  the  Desert Peak reservoi r ,  th ree  commercial 
wells were d r i l l e d  without l o s t  c i rcu la t ion .  In  the  Steamboat Springs 
site, l o s t  c i r c u l a t i o n  was experienced a t  shallow depth down t o  107 metres 
(350 f e e t ) .  Near the  surface i n  an i n t e r v a l  of 17 to  2 1  metres (55 t o  
70 f e e t ) ,  a l o s t  c i r cu la t ion  zone cons is t ing  of rocks and boulders w a s  
plugged by using Class G cement. Cement plugs were a l s o  used between 58 
and 61 metres (190 and 200 fee t ) .  Below 85 metres (279 f e e t ) ,  the  hole w a s  
d r i l l e d  without re turns  t o  107 metres (350 f e e t ) ,  where a 50.8-cm (20-in.) 
casing w a s  run and set with cement/per l i te  by dropping the mixture i n  the  
annulus. 
(3073 f e e t ) ,  d r i l l i n g  w a s  done by adding 143 m3 (900 bbl) of water o r  
aera ted  water per day, but no l o s t  c i r c u l a t i o n  material w a s  used. 

I n  the  Humboldt House reservoi r ,  th ree  w e l l s  w e r e  completed-- 
No l o s t  c i r c u l a t i o n  pro- 

* 

Between 914 metres (3000 f e e t )  and a t o t a l  depth of 937 metres 

In 1978, a w e l l  i n  Plumas County, Cal i forn ia ,  w a s  reentered f o r  deeper 
d r i l l i n g  i n  metamorphic rock. Lost c i r c u l a t i o n  was cont ro l led  with l o s t  
c i r c u l a t i o n  material. 
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7.3 Lost Circulation Happing Tools and Techniques 
-ld 

Contiactor: ering, Inc. 

Contract Period: 
Contract Number: 49-1458 (Sandia) 

n Principal Investiga : W. McDonald (713) 683-8287 

.. Technical Consultant: J. Kelsey (505) 844-6968 

1 May 1980 to 31 October 1980 

Project Objective 

The objective o f  this project is to assess the state of the art of 
mapping lost circulation zones in geothermal wells. 
will be identified, described, and evaluated concerning their capabilities 
to map lost circulation zones. 
factors such as high temperatures will be considered in the assessment. 

Tools and techniques 

Cost, effectiveness, accuracy, and limiting 

Project Status 

The project was initiated during this reporting period. A n  initial 
list of tools and techniques that can be used to map lost circulation zones 
has been compiled. 
well as drilling-fluid-monitoring techniques. 
additional information on lost circulation mapping tools and techniques has 
been initiated and is continuing. 

The list includes mechanical and electrical devices as 
The survey of industry for 

Quarterly Progress 

A comprehensive list of tools has been prepared. New tools added to 
the list include downhole cameras, televisions, and straddle packers. 

To date, several technical reports and brochures have been collected 
for the tools in the master tool list. 
explanation of how the various tools operate and the techniques necessary 
for effective use and interpretation of such tools in relationship to con- 
tract requirements. Several people knowledgeable in the use and capabili- 
ties of the tools have been located and have agreed to assist Maurer 
Engineering in this endeavor. Interviews are being planned and will begin 
in the next quarter. 

Work is well underway concerning an 

The collected data re being classified into three major files which 
are appropriately ncing. These files are 

- 
es all manufacturers that have been 

ices and tools fo in the master 

L, 
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Customer F i l e  -- W i l l  include a l l  contacted companies t h a t  use the  
serv ices  and products ou t l ined  i n  t h i s  program. 
w i l l  be asked t o  give t h e i r  evaluat ion of t o o l  performance and 
t h e i r  view on the  cost  e f fec t iveness  of the  provided services. 

These companies 

*Tool F i l e  - The too l  f i l e  has been divided i n t o  f i v e  major cate- 
gor ies  by the  type of sensing element u t i l i zed .  
acous t ic ,  chemical, e l e c t r i c a l ,  mechanical, and radioact ive.  

The ca tegor ies  are 

Work has been s t a r t e d  on def ining the  parameters that the  too l s  must 
provide t o  completely quant i fy  f r a c t u r e  s i z e  and t o  loca t e  l o s t  c i r c u l a t i o n  
zones. Several  t e n t a t i v e  schemes are now being discussed,and a d r a f t  plan 
w i l l  be provided f o r  Sandia's review. 
vide a f i rm foundation f o r  numerically r a t ing  the  too l s '  c a p a b i l i t i e s  with 

When completed, the  plan w i l l  pro- 

respect t o  performance, r i s k ,  schedule, and cost .  

L! 

9 

. 



8. SUPPORTING TECHNOLOGY 

The proper design of improved and new d r i l l i n g  and completion equip- 
ment and materials requi res  a f i rm understanding of the s p e c i a l  require- 
ments and cri teria necessary t o  opera te  i n  the  geothermal environment. The 
ob jec t ive  of supporting technology i s  t o  acquire  and provide the  informa- 
t i o n  necessary t o  develop improved and new designs,  techniques, and/or 
materials. The approach t o  providing the required a n a l y t i c a l  and experi- 
mental da t a  includes the  development of appropriate  computer codes, 
cons t ruc t ion  or  modif icat ion of test f a c i l i t i e s ,  and research i n t o  the  
performance of materials. Current ly ,  p ro j ec t s  are underway t o  expand 
c a p a b i l i t i e s  t o  pred ic t  t r a n s i e n t  wellbore temperatures during d r i l l i n g ,  
c i r c u l a t i n g ,  i n j ec t ion ,  and production i n  geothermal wells; t o  determine 
optimal number, s i z e ,  and placement of nozzles used f o r  b i t  cooling and 
cleaning; t o  optimize the  design of PDC geothermal b i t s  by study of t h e  
stress buildup and chip formation processes of rock-cutting t o o l s  u t i l i z i n g  
PDC c u t t e r s ;  t o  study the  me ta l lu rg ica l  composition of conventional d r i l l  
stem and make compositional changes i n  the  d r i l l  s t e m  material t o  maximize 
i t s  chemical r e s i s t ance  t o  geothermal H S environments without l a r g e  
s a c r i f i c e s  i n  i ts  mechanical proper t ies  or  cos t ;  t o  eva lua te  elastomers f o r  
use i n  geothermal appl ica t ions ;  and t o  extend c a p a b i l i t i e s  f o r  high-speed/ 
high-torque b i t  t e s t ing .  The s t a t u s  and progress of these  a c t i v i t i e s  are 
described wi th in  t h i s  sect ion.  

2 

A computer model f o r  ca l cu la t ing  the  stress induced i n  drag-type cut- 
ters and f o r  modeling the  tool / rock i n t e r a c t i o n  has been developed and ap- 
p l i ed  t o  the  use of steel c u t t e r s  i n  sandstone. The model i s  a f i n i t e  
element code cal le  h has been used extensively i n  pred ic t ing  
shock wave propaga e of the code is continuing f o r  ca l cu la t ing  
stresses i n  the  PD i n t e r a c t i o n  s tudies .  

c t i n g  the temperatures of borehole f l u i d s  
and downhole equipment under real-time, flowing cond ions  has been formu- 
l a t e d ,  documented, and ve r i f  d. The model analyzes ingle-phase flow 
during d r i l l i n g ,  production, r in jec t ion .  The undi urbed geothermal t e m -  
pera ture  grad ien t  must be specif ied.  Val idat ion of the model involved com- 
par ison of computer pred ic t ions  with a c t u a l  f i e l d  measurements of tempera- 
t u r e  i n  o i l  and gas and geothermal w e l l s .  The model is being modified t o  

t r a n s i e n t  wellbore temperatures. 

the  e f f e c t s  of 
The model has been 

obtainable  with im-  
hnological  improvements are c u r r e n t l y  

being evaluated by use of the model. 
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A laboratory f a c i l i t y  for use i n  optimizing d r i l l  b i t  hydraulics has 
been designed and fabricated. 
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8.1 B i t  Hydraulics Studies  k/ 
Sandia National Laborator ies  

Technical Consultant: D. Glowka (505) 844-3601 

Pro jec t  Object ive 
8 

The objec t ive  of t h i s  pro jec t  i s  t o  optimize the  design of b i t  hydrau- 
Analyt ical  and experimental i nves t iga t ions  l i cs  f o r  geothermal d r i l l  b i t s .  

w i l l  be conducted t o  determine optimal pos i t ion ,  s i z e ,  and placement of 
nozzles used f o r  cooling and cleaning purposes. A b i t  hydraul ics  labora- 
t o r y  w i l l  be b u i l t  i n  order  t o  v i s u a l i z e  the  flow f i e l d  along the  b i t  face.  

P ro jec t  S t a t u s  

The design and assembly of the test f a c i l i t y  have been completed. A 
technica l  i nves t iga t ion  procedure f o r  the study has been updated. The 
f a b r i c a t i o n  of the  test s tand has been completed. The proof t e s t i n g  of the  
test stand r e su l t ed  i n  a damaged d r i l l  pipe, p o t e n t i a l l y  delaying the  b i t  
hydraul ics  s tud ie s  u n t i l  September 1980. 

Quarter ly  Progress 

The assembly of the  b i t  hydraul ics  test f a c i l i t y  was completed t h i s  
repor t ing  period. The Safe Operating Procedures manual was approved wi th in  
Sandia, and the  f a c i l i t y  was successfu l ly  pressure tes ted.  However, a 
problem with ro t a t ion  of the b i t  was encountered. 

The f a c i l i t y  is designed t o  provide b i t  ro t a t ion  by ro t a t ing  the  d r i l l  
pipe that  suppl ies  hydraul ic  f l u i d  t he b i t .  T h i s  d r i l l  pipe is support- 
ed by two bearing assemblies. Fluid 
poin ts  along the  d r i l l  pipe. 
sur face ,  the pipe was p l a t e  its e n t i r e  length.  

sealed by ro t a ry  O-rings a t  four  
Because these  seals requi re  a smooth rubbing 

To begin the  t e s t i n g ,  d r i l l  pipe d r ive  motor w a s  en 
the  b i t  r o t a t i o n  capab i l i t y  i t i a l l y ,  the  system worked w e l l ,  and rota- 
t i o n  t o  approximately 400 r 
power to  the  motor. After  
the  torque required t o  r o t a t e  the  d r i l l  pipe increased s i g n i f i c a n t l y ,  
eventua l ly  reaching the point a t  which the  motor could no longer  r o t a t e  the  
d r i l l  pipe. The motor w a s  disengaged, and the  test s tand was disassembled 
so t h a t  the components coul  examined. It was found t h a t  the  d r i l l  pipe 
p l a t ing  had begun t o  f l a k e  o a poor p l a t ing  job. Although f l ak ing  was 
widespread over the sur face  a l i z e d  f l ak ing  a t  the seal in t e r f aces  had I 

caused the  problem. The r e s u l t a n t  su r f ace  roughness had to rn  the  e las to-  
meric seal sur faces ,  thereby increas ing  i n t e r f a c e  f r i c t i o n  and torque. 

s achieved without the  supplying of f u l l  
imately 1 minute of operat ion,  however, 

c, 

The d r i l l  pipe i s  cu r ren t ly  being inspected t o  determine the f eas i -  u 
b i l i t y  of rep la t ing .  If the  pipe cannot be rep la ted ,  a new pipe w i l l  be 

. I .  



machined to the required dimensions. It is  believed that e i ther of these 
solutions w i l l  delay test ing unt i l  September. The project schedule has 
been revised accordingly. 

\ 
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8.2 D r i l l  Stem Corrosion 
LJ 

Laborator ies  
a lzbrenner  (505) 

% 

the  meta l lurg ica l  composition of 
d r i l l  stem present ly  ava i l ab le  and t o  make compositional changes i n  d r i l l  

i z e  i ts  chemical resi 

An I n t e r n a l  R&D research repor t  has been issued. The tes t  f a c i l i t y  
design has been completed, and the  f a c i l i t y  w i l l  be b u i l t  by the  t i m e  test 
specimens are ready f o r  tes t ing .  Compositional changes t o  the d r i l l  stem 
material have been defined, and conventional d r i l l  stem material s u i t a b l e  
f o r  the  corrosion f a t igue  study has been iden t i f i ed .  
the de l ivery  of the  s teel  f o r  test specimens delayed the incept ion  of t h e  
test program. However, the dual-phase steel a l l o y s  have now been made and 
the  conventional d r i l l  stem material del ivered.  General corrosion tests 
have been i n i t i a t e d .  
p le ted ,  and f a b r i c a t i o n  of specimens f o r  the  heat  treatment experiments i s  
proceeding. 

Unavoidable delays i n  

Processing of the  dual-phase a l loys  has been com- 

Quarter ly  Progress 

The low-alloy, dual-phase steels designed f o r  r e s i s t i n g  corrosion fa- 
t i gue  i n  an H -containing environment were sent  t o  the  Rocky F l a t s  P lan t  
f o r  f ab r i ca t ion .  These steels contain 2.0 weight percent s i l i c o n ,  0.1 
weight percent carbon, and 0 t o  1.0 weight percent vanadium as the  main al- 
loying addi t ions ;  t he  design considerat ions f o r  these  steels have been 
discussed in'previous progress r epor t s  on t h i s  project .  
i ngo t s ,  19.05 c m  i n  diameter by 20.32 t o  40.64 cm long (7.5 in .  i n  diameter 
by 8 t o  16 in.  long) were homogenized a t  1150°C (2102°F) i n  argon f o r  16 
hours pr ioa  t o  t o  Rocky Flats at the  end of March. 

2 

The arc-remelted 

, the  ingots  were double hot-forged. F i r s t ,  
each ingot  was heated t o  105 
mered t o  about 8.26 c m  (3.25 n.) i n  thickness.  The r e su l t i ng  s l a b s  were 
then reheated and posi t ioned 
d i c u l a r  t o  the f i r s t  forg  
each s teel  was about .O in . ) ;  t he  steels we ooled t o  room 

C (1922"F), l a i d  on its s ide ,  and steam ham- 

o deform the  material i n  a d i r e c t i o n  perpen- 
peration. The f i n a l  forging thickness  f o r  

* temperature from t h e  ging temperature. 

During the hot - r o l l i  e r a t i o n ,  the  forged s l abs  were preheated t o  
955°C (1751'F) f o r  2 hours and were then ro l l ed  t o  p l a t e  i n  approximately 
e i g h t  passes. The temperature of the  f i n a l  pass on each steel was i n  the  

cd 
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800" t o  850°C (1472" t o  1562°F) range, and the  deformation induced by the  
f i n a l  pass was a b u t  40%. 
the  800° t o  850°C (1472" t o  1562°F) range should produce steel p l a t e  with a 
very f i n e  g ra in  size,  p a r t i c u l a r l y  f o r  those steels t h a t  contain vanadium 
addi t ions.  A f i n e  gra in  s i z e  i n  these steels should enhance the  r e s i s t ance  
t o  corrosion f a t igue  i n  H,S and, addi t iona l ly ,  improve mechanical proper- 
ties such as s t rength  and toughness. 
p l a t e s  was 1.334 c m  (0.525 in.). 
shipped t o  Sandia. 
preparat ion are proceeding. 

This amount of deformation a t  temperatures i n  

I The f i n a l  thickness of the  as-rol led 
The as-rol led material w a s  cleaned and 

Heat t r e a t i n g  s tud ie s  and mechanical test specimen 

I Discussions were held with G. Krauss of the  Colorado School of Mines 
on the  development of dual-phase steels. 
research pro jec t  dealing with the  microstructures  of dual-phase steels. 
The d r i l l  stem corrosion program was genera l ly  out l ined  to  him, and a de- 
t a i l e d  discussion w a s  held on the  possible  appl ica t ion  of p a r t i c u l a r  dual- 
phase steels f o r  d r i l l  stem appl icat ions.  

Krauss is cur ren t ly  involved i n  a 

0 

, 

16 2 
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1 

8.3 Rock Mechanics f o r  Polycrys ta l l ine  Diamond Compact Cutters b, 

Sandia National Laboratories . Wesenberg (505) 844-0129 

c 

ct  research on and t e s t ing  of the  
chip formation process of rock c u t t i n g  too l s  u t i l i z i n g  PDC c u t t e r s ,  i n  
order  t o  optimize the  ‘design of b i  s using these cu t t e r s .  

s necessary f o r  conducting chip formation 
Modeling of the  rock/ tool  i n t e r f a c e  has begun. 

ve been completed, and wear ca l cu la t ions  are 
i s  is being conducted. 

t e s t i n g  has been 
Calculat ions of 
Calculat ions ~ of 

and f r i c t i o n a l  forces  have been completed. 

Quarter ly  Progress 

A preliminary study of the  i n t e r a c t i o n  between the  Stratapax” drag b i t  
and rock has been completed. 
occurs i n  roughly fou 

It has been determined t h a t  rock f r ac tu r ing  
Each s t e p  inf luences the  t o o l  i d e n t i f i a b l e  s teps .  

t e p ,  l i t t l e  o r  no cracking of the  rock occurs. The 

e 

gap. As t he  
L 

force  continues t o  increase a t  the  same r a t e  as i n  e a r l i e r  s teps .  6) 



I n  the last s t ep ,  a l l  of t he  rock i n  f r o n t  of the  b i t  i s  fractured.  

The t o o l  forces  drop very quickly because the  f r ac tu red  rock 
The f r a c t u r e  region continues t o  grow i n  the  neighborhood of t he  tool / rock 
in t e r f ace .  
has l i t t l e  s t rength.  These observations on t o o l  forces  are i n  q u a l i t a t i v e  
agreement with the  experimental r e su l t s .  

Table 21 shows the t i m e s  a t  which each of t he  four  previously de- 
scr ibed s t eps  occurs. I n  one case, the  v e r t i c a l  crack continues t o  grow 
throughout the e n t i r e  problem. However, i ts  la te -s tage  growth i s  very 
slow. The t i m e  chosen when the  crack "ends" is  when the  crack dramatical ly  
slows down. A l l  four  of the  runs were stopped because of severe mesh dis-  
t o r t  ion. 

A l l  four  of these runs use the  same drag b i t  with a -20° rake angle ,  
an i n i t i a l  ve loc i ty  of 0.5 m / s  (1.6 f t / s )  and a depth of c u t  of 5 mm 
(0 .2 in.) .  The coe f f i c i en t  of f r i c t i o n  between the  rock and b i t  was 0.5 i n  
a l l  runs, except f o r  one t h a t  was set t o  0. I n  the  f i r s t  run, the  rock i n  
the  problem was approximately 7 by 7 cm. I n  the rest of the  runs, the  rock 

except f o r  the s i z e  of the rock. The geometry of the t h i r d  run w a s  
i d e n t i c a l  t o  the  second, but t he  c o e f f i c i e n t  of f r i c t i o n  between the  rock 
and b i t  was decreased from 0.5 t o  0.0. I n  the  fou r th  run, the  small gap 
between the  f r o n t  of the  drag b i t  and the  rock w a s  el iminated. An earlier 
ana lys i s  indicated t h a t  the  t o o l  forces  w i l l  increase  dramatical ly  when 
t h i s  gap i s  eliminated. This impl ica t ion  is  confirmed by Run No. 4 .  

' w a s  approximately 9 by 9 cm. The second run was i d e n t i c a l  t o  the  f i r s t  

As shown i n  Table 21, the  v e r t i c a l  crack begins a t  the same t i m e  i n  
a l l  four  runs. The crack continues throughout t h e  9 by 9 cm/O f r i c t i o n  
problem but is e s s e n t i a l l y  formed at 120 us. The t i m e s  f o r  the  9 by 9 
cm/0.5 f r i c t i o n  and 9 by 9 c m / O  f r i c t i o n  runs are almost i den t i ca l .  
ever ,  the times f o r  the  9 by 9 cm/0.5 f r i c t i o n  runs are d i f f e r e n t  from 
those f o r  the  7 by 7 cm/0.5 f r i c t i o n  o r  t h e  9 by 9 cm/no-gap runs. 
observat ions imply t h a t  the  rock f a i l u r e  process i s  r e l a t i v e l y  i n s e n s i t i v e  
t o  the coe f f i c i en t  of f r i c t i o n  but i s  s e n s i t i v e  t o  the  geometry of t he  
rock. 

How- 

These 

Figures 35 through 40 are a set of p l o t s  comparing the t o o l  forces  of 
four  runs. Figures 35., 37, and 39 are comparisons of t h r u s t  fo rces  f o r  t he  
four  runs. The t h r u s t  force  is d i r ec t ed  downward i n t o  the rock perpendic- 
u l a r  t o  the  motion of the  b i t .  The t h r u s t  forces  are very similar f o r  a l l  
four  runs and begin t o  decrease only a f t e r  the rock has f a i l e d  i n  f r o n t  of 
the tool .  Figures 36, 38, and 40 are comparisons of the  c u t t i n g  fo rce  of 
a l l  four  runs. The cu t t i ng  force  is i n  the same d i r e c t i o n  as the  motion of 
the  b i t .  
f r i c t i o n  runs. The cu t t i ng  forces  are i d e n t i c a l  up t o  120 0s. There is 
some devia t ion  a f t e r  120 ps, when the  c u t t i n g  force  assoc ia ted  with the  0 
f r i c t i o n  run continues t o  increase.  Figure 38 compares the  9 by 9 and 7 by 
7 c m  runs i n  which the  coe f f i c i en t  of f r i c t i o n  as 0.5. The r e s u l t s  are 
p r a c t i c a l l y  i d e n t i c a l  up t o  100 ps. After t h i  t i m e ,  the  forces  assoc ia ted  
with the  7 by 7 c m  run continue t o  grow. i s  r e s u l t  i s  cons i s t en t  with 
the  da ta  presented i n  Table 21. A t  125 ock i n  f r o n t  of t he  b i t  i n  
the  9 by 9 c m  ca l cu la t ion  has completely f a i  and the  fo rces  begin t o  
drop. However, i n  the 7 by 7 c m  run, some of the  rock i n  f r o n t  of the  b i t  
remains competent u n t i l  180 MS. This competent rock continues t o  support 

Figure 36 compares the  9 by 9 c m / O  f r i c t i o n  and 9 by 9 cm/0.5 



P 

an increasing c u t t i n g  force.  
no-gap runs (Figure 40) are very close u n t i l  approximately 90 ps. The 
cu t t ing  forces  of the  no-gap problem continue t o  grow f o r  much longer. 
This condi t ion r e s u l t s  from the delayed f a i l u r e  of the  rock i n  f ron t  of t he  
b i t .  .Once the  rock i n  f r o n t  of the  b i t  begins t o  f a i l ,  the  t o o l  forces  
drop rapidly.  

The cu t t i ng  forces  of the  9 by 9 cm gap and 

Table 21 

Crack Growth T imes  f o r  Four Calculat ion Runs 

Vertical Vertical Horizontal  
Crack Crack 
"Ends " Begins 

85 ps 95 ps 
110 ps 90 ps 
120 ps 90 us  

9 by 9 c d n o  gap 205 ps 230 ps 

Failed 
Rock. in 

Front of 
B i t  

180 ps 
125 ps 

130 ps 
245 us 

These c k c u l a t i o n s  are an improvement over earlier ca l cu la t ions  be- 
cause modifications were made which led  t o  the  incorporat ion of f i n e r  
zoning, l a r g e r  rock, and longer run t i m e  i n t o  the  study. Some of the  
earlier runs used smaller, more coarsely zoned rocks whose s t r e s s - f r ee  
boundaries s t rongly  influenced the  stress f i e l d s .  

I used, the d e t a i l s  would change, but the  four  s t e p s  i d e n t i f i e d  i n  t h i s  re- 
port  would remain. The zoning used in these ca l cu la t ions  is q u i t e  f i n e ,  as 
shown i n  Figure 41, but ,  due t o  the  unstable  nature  of t e n s i l e  f r ac tu res ,  
changes i n  zoning w i l l  change the  t o o l  loads and d e t a i l s  of the  f rac ture .  
The delayed f a i l u r e  of a few cells can s t rongly  inf luence the c u t t i n g  
force.  These ca l cu la t ions  were terminated because of extreme d i s t o r t i o n  of 
some of the  cells. Some of the  earlier runs were terminated on a d i f f e r e n t  
c r i t e r i o n  before the  rock had completely f a i l ed .  

I f  l a rge r  rocks were 

' 

1 _  These ca l cu la t ions  r e su l t ed  i n  the  following findings: (1) rock f a i l -  
u re  occurs in four  s t e p s ;  (2) the  t h r u s t  forces  increase  a t  a s teady rate 
throughout the  f r ac tu r ing  process and begin dec l in ing  in t h e  fou r th  s t ep ;  . 

dependent *on the  rock f a i l u r e .  
. -and (3) the' c u t t i n g  force  goes through seve ra l  phases which are s t rongly  

1 
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RAKE ANGLE = -20" 

ROCK S I Z E  = 9 by 9 cm (3.5 by 3.5 in.) 

0 
TIME, ps 

Figure 35. Comparison of Drag Tool Force Histories; Thrust Force 
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Figure 39. Comparison of Drag Tool Force Histories; Thrust Force 

. 



525.1 
(3.00 

481 .( 
(2.75 

437.1 
(2.50 

394.[ 
(2.25 

m-4 0 350.: 
x (2.00 
y 306.f 
.E (1.75 
2 a 262.; 

(1.50 

2 218.! 

cr) 

E 

* (1.25 
W 

k! 175.: 
B (1.00 
a 
E 131.; 
I- I- (0.75 

87.6 
(0.50 

3 

43.E 
(0.25: 

0 

I I I I I I I I I 1 I 





175 



o\ GEOTHERMAL WELL TECHNOLOGY-DRILLING AND COMPLETIONS PROGRAM 

O N D J F M A M J J A S  PROJECT 

TEST CA PA B I L I T I  ES 
EXTENS I ON 
- DRL 

ROCK SPEC I FI CAT1 ON 
AND ACQUI S CTION 

B I T  DYNAMICS 

HI GH-S PEED/ TORQUE 
DRILL B I T  TESTS 

HIGH-PRESSURE 
CAPAB I LIT1 ES 

A 
FISCAL YEAR 80 . 

T EXTENS ION 

END 
DATE 

LEGEND: ACTIVITY PERIOD 0 PLANNED START V PLANNED COMPLETION 
RESCHEDULED STARTED v COMPLETED - . I ) L I w v  

e .  * 0 c 



8.4 Modification and Extension of Testing Capabi l i t i es  

co Laboratory, Inc. 

Contract Period: 
1 Pr inc ipa l  Inves (801) 582-2220 

12 September 1979 t o  30 September 1980 
13-8785 (Sandia) 

Pro jec t  Objective 

d extend t e s t i n g  capabil- 

1. Selec t ion  a mples and spec i f ica-  

2. Torque and rpm a v a i l a b i l i t y  f o r  t e s t i n g  high-speed/high-torque 
b i t s  , 

3. B i t  dynamic da ta  acquis t ion ,  and 

4. High-pressure/ j e t - d r i l l i n g  t e s t i n g  capabi l i ty .  

. t i ons  , 

Pro jec t  S t a tus  

All projec t  tasks  have been i n i t i a t e d .  Rock spec i f i ca t ion  da ta  are 

Design of the  high-speed/high-torque f a c i l i t y  has been completed , 
A high-rate,  da ta  acqu i s i t i on ,  com- 

Conceptual ideas  f o r  the  high-pressure 

being compiled, and po ten t i a l  sources of rock specimens have been iden t i -  
f ied.  
and assembly is v i r t u a l l y  complete. 
pu ter  program has been completed. 
f a c i l i t y  were evaluated, and design and f ab r i ca t ions  of the  f a c i l i t y  is 
continuing. 

-- Several hand samples of a hard, 
hard were obtained from a quarry i n  
indicated one of the  rocks has an 

000 p s i ) ,  a densi ty  of 2.490 g/cm3 
X .  
/cm3 (153.0 l b / f  t 3,  and poros i t i e s  of 
st rock is ava i l ab le  i n  a block 

candidate t o  simulate the  hard, 
e other  two sandstones are not 
enough f o r  fu l l - s ca l e  laboratory 

Two other  samples had d e n s i t i e s  of 

A 

High-Speed/High-Torque Capab i l i t i e s  - The assembly of the  new trans-  
mission and d r ive  system was completed; however, the  i n s t a l l a t i o n  of t he  
high-speedihigh-torque system on the d r i l l  r i g  has been delayed u n t i l  J u l y  

u 
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1980 due t o  the  heavy t e s t i n g  schedule at the  DRL. 
being prepared t o  provide a 500- t o  lOOO-rpm, high-speed, a l l -hydraul ic  
d r ive  system. 
expected i n  the next report ing period. 

A cos t  estimate is 

The rece ip t  of quotat ions on the  hydraul ic  system is  

High-pressure Capab i l i t i e s  - A piping manifold skid and a l i f  
v i ce  were designed t o  minimize the  t i m e  required t o  change over from the  
mud pump standard f l u i d  ends t o  the  high-pressure f l u i d  ends. 
cations t o  the system f o r  reducing the  changeover time from standard t o  
high-pressure f l u i d s  ends have now been completed. 
i f  i ca t ions  were completed during the  s e t t i n g  up f o r  the  HydronauticlHycalog 
high-pressure Cavi je te  test program i n  A p r i l .  
took between 2-1/2 and 3 days. 
changeover t i m e  f o r  the  next high-pressure program is estimated a t  1-1/2 t o  
2 days. Some of the  high-pressure hammer unions and swivel-joint  f i t t i n g s  
t o  be used i n  the  high-pressure pulsa t ion  dampening and pressure drop sys- 
tems have been received. 

A l l  modifi- 

Some of the  f i n a l  mod- 

The f l u i d  end changeover 
Wi th -a l l  modifications now complete, the  
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ment of an Advanced Wellbore Thermal Code ki 

Contractor: Research Co. 
Principal Investigator: G. R. Wooley ( 7 1 3 )  521-9294 
Contract Period: 25 January 1980 to 30 April 
Contract Number: 46-5670 (Sandia) 
Technical Consultant: D. Wesenberg ( 5 0 5 )  844-0129 

of this project is to develop an advanced computer code 
sient wellbore temperatures during drilling, circulat- 
roduction in geot 11s. The development of the 

on of the existing, 

bing flow area, 
b. 
C .  Provision for a deviated wellbore, and 

Advanced code development providing for 

a. Formulatio of single-component, compressible flow in a well- 
bore, 

b. Formulation of 
bore, and 

Separated, multiple fluids in the wellbore, 

Project S t a t u s  

6 

‘L, 3. Deviated wellbores . 
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The modified code was t e s t ed  by rerunning previous GEOTEMP test  cases and 
by running spec ia l  problems t h a t  use the  new capab i l i t i e s .  The modified 
code performed w e l l  f o r  a l l  these cases. A case copy and a magnetic tape 
copy of the  modified program were del ivered on 28 May 1980, and the  new 
c a p a b i l i t i e s  were discussed with Sandia. Details of the  modified code and 
the  test cases are presented i n  the  repor t ,  Appendix B. 

The mixture theory s tud ie s  have been temporarily set aside.  Early i n  
the s tud ies ,  i t  became apparent that a compressible flow wellbore model w a s  
a necessary part of the mixture theory formulation. Thus, a decis ion w a s  
made t o  begin formulating the  compressible flow model f o r  GEOTEMP, a model 
which could a l so  serve as a major component of the  two-component flow 
ana lys is  . 

Figure 42 i l l u s t r a t e s  a cont ro l  volume f o r  der iving the  one-dimen- 
s iona l  balance laws f o r  compressible f l u i d  flow. The f l u i d  en te r s  t he  
volume with a given densi ty ,  ve loc i ty ,  enthalpy, pressure ,  and temperature 
through area A and exits with d i f f e r e n t  values  of these var iab les  through 
area Az. Forces F are exerted on the  f l u i d  by the  walls of the  cont ro l  
volume, and heat  Q is  conducted i n t o  the  volume. The balance l a w s  f o r  t h i s  
volume w i l l  be wri t t en  f o r  s teady-state  flow, although t r ans i en t  heat flow 
w i l l  s t i l l  be considered. Conservation of mass requi res  - .  

1 
W 

0 

P l A 1 V l  = PzA2Vz = m = mass flow rate . 
Conservation of momentum requi res  

Where F 
force.  BConservation of energy requi res  

is  the  grav i ty  force,  F is the  viscous force ,  and FW is the  wal l  F 

m .  

Q = m [hz - h i  + 1/2 (uz2  - Vi2)] 

Solut ion of these equations requi res  equations of state f o r  pressure and 
enthalpy and a c o n s t i t u t i v e  equation f o r  the  viscous force.  

The d e t a i l s  of the compressible flow formulation proposed f o r  GEOTEMP 
were presented t o  Sandia i n  la te  May 1980. The information is  contained i n  
Appendix C. The consensus a t  the  Sandia b r i e f ing  was t h a t  t he  compressible 
flow model was  somewhat unconventional although promising, and t h a t  su i t -  
ab le  t e s t i n g  aga ins t  a n a l y t i c a l  so lu t ions  w a s  ca l l ed  for .  

The two modifications of GEOTEMP, va r i ab le  tubing areas and mul t ip le  
f l u i d s  i n  the  wellbore, were i n i t i a t e d  i n  la te  March. The necessary 
changes i n  the input var iab les  have been coded: 10 d i f f e r e n t  tubing s i z e s  
and 5 d i f f e r e n t  primary f l u i d s  can now be specif ied.  
ab le  tubing s i z e  on g r id  formulation, as i l l u s  n Figure 43, w a s  
f a i r l y  s t ra ightforward,  with the  radius  of the  
termined by the  smallest tubing s i z e  and the rad ius  of the  next l aye r  of 
g r id  points-governed by the  l a r g e s t  tubing size. 
s i z e  r e s u l t s  i n  va r i ab le  c e l l  s i z e ,  and fu r the r  modifications were 
necessary t o  account f o r  va r i ab le  cel l  conduct iv i t ies  and changes i n  the  

The e f f e c t  of va r  

o s t  g r i d  poin ts  de- 

The v a r i a t i o n  i n  tubing 
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flowing stream energy balance due t o  va r i ab le  cross  sec t ions  and mult iple  
f l u i d s  

Modifications t o  allow mul t ip le  tubing areas were completed, and 
preliminary t e s t i n g  d t emined  t h a t  the code is operat ing properly. 
p r inc ipa l  changes were necessary t o  a l low va r i ab le  tubing areas: (1) 
changes t o  the  input  rout ines  t o  allow mul t ip le  tubing s i z e s ,  (2) changes 
t o  the  subroutine COND t o  compute the  co r rec t  conduct ivi ty  with mult iple  
tubing, and (3) changes t o  'subroutine COEF t o  account f o r  t he  changes i n  
f l u i d  ve loc i ty  due t o  tubing area changes. The input  rout ine 
modified so t h a t  no changes were necessary t o  the  mesh genera 
revised GEOTEMP code input data format corresponding t o  the  changes made i n  
the  main program and subroutine READ i s  contained in Appendix D. 

Three 

A sample ca l cu la t ion  with va r i ab le  tubing s i z e  is i l l u s t r a t e d  ' in  Fig- 
Case I i s  t h e  same sample i n j e c t i o n  

problem included i n  the  GEOTEMP use r ' s  manual and gives i d e n t i c a l  r e s u l t s ,  
Case 11 uses smaller tubing below 610 metres (2000 fee t ) .  The temperatures 
predicted by Case 11 below 610 metres (2000 feet-)  are lower than those pre- 
d i c t ed  by Case I below the  same l e v e l ,  because the  f a s t e r  moving f l u i d  i n  
the  smaller tubing receives  less heat from the  surroundings. 
metres (2000 f e e t ) ,  the  two cases are e s s e n t i a l l y  i d e n t i c a l  and predic t  t he  
same temperatures . 

. ure  44. Two problems were calculated.  

Above 610 
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Figure 44. Variable Tubing--Injection Sample Calculation 
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8.6 Evaluation of E l a  

Sandia National Laboratories 
Technical Consultant: C. Arnold 

Pro jec t  Objective 

Sandia National Laboratories 
Technical Consultant : 

Projec t  Objective 

C. Arnold (505) 844-8728 

The pro jec t  ob jec t ives  are t o  determine (1 the  effect on the  l i f e  of 
seals with Par  ene C, a polymer, o r  with elastomeric  seals of coat ing 

t e t r a f luo re thy lene  (TFE), (2 
l i n e r  candidates f o r  f l e x i b l e  d r i l l  p ipe ,  and 
elastomeric  seals. 

e chemical s t a b i l i t y  of various elastomer 
the e f f e c t  of H S on 2 

Pro jec t  S t a tus  

The experiments on coated elastome completed. Two 
coat ing techniques were used. A 0.037- .) th ick  f i l m  of 
Parylene C w a s  deposited onto elastomer 
pyro ly t ic  method, while a 0.038-mm (0.0 f i l m  of TFE w a s  
deposited on o ther  samples by glow d i s c  

echnique. Both coat ings provi r o m e n t a l  resis- 
br ine,  temperature, and pressu ylene C-coated 

quipment l o s t  f l e x i b i l i t y  and adhesion mic seal appl ica-  
t i ons .  Delamination was observed when -coated seals were eval- 
uated as a d r i l l i n g  b i t  seal a t  2OO0C ( 
grease and an abrasive.  
dynamic appl icat ions.  
d id  not delaminate, ran cooler  than non-coated r ings ,  and exhibi ted im- 
proved abrasion res i s tance .  Chemical s ta  
f o r  f l e x i b l e  d r i l l  pipe and the inves t iga  

rb ide ' s  vapor phase, 

90 rpm i n  the  presence of 
TFE proved t o  be the more successful  coat ing i n  

Dynamic wear tests shbwed that TFE-coated O-rings 

Quarter ly  Progress 

o r t i n g  period with an ana lys i s  o 
c o e f f i c i e n t  of f r i c t i o n .  
by encapsulating the  elastomer 
such as Teflon. Teflon-coated 
when these seals were evaluated under 
Teflon took a set and leaked a f t e r  a f e  

qua te ly  re l ieved  as the  d r  cone ro t a t ed ,  
coat ing buckled . 

Certain types  of 

R the  hoop stresses inherent  i n  t h i s  nonhomogeneo 

In  c o n t r a s t ,  enhanced se rv ice - l i f e  
plasma-polymerized te t ra f luoroe thylene  (TFE) had been deposited. 
example, uncoated Parker EPR seals f a i l e d  a f t e r  a t  150°C (30Z0F) 

For bi' 
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Frictional 



following a 2-hour presoak at 288OC (550OF). 
tripping-in, when there is no circulation. In contrast, the TFE, 
plasma-coated seal lasted 34 hours. Similar results were obtained with 
TF'E, plasma-coated, Parker Viton seals. 
plasma-coated TFE did, on a short term basis, reduce the coefficient of 
friction (see Figure 45). 

The presoak simulated .u 
Studiks of friction affirmed that 

.. Planning for the evaluation of elastomer liners for flexible drill 
pipe and for the investigation of the effect of H2S on elastomeric seals 
was completed this quarter. The acquisition of equipment for conducting 
the studies is underway. 
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LING SYSTEMS 

stems are required in order to meet 

lves investigations of high-pressure water-jet ero- 
the 1987 well-cost reduction goal of 50%. The approach to the development 
of advanced systems i 
sion drilling systems, cavitating jets, improved downhole motors, and-per- 
cussion drills. The investigations include laboratory testing and field 
demonstration of full-scale devices. Projects are presently underway to 
design, fabricate, and laboratory test a pressure-pulsing device for use 

Projects to evaluate the potential of percussion drilling devices for use 
in the geothermal environment and to assess the performance potential and 
economics of erosion drilling systems are also proceeding. The objective 
of these projects is to develop and demonstrate hardware incorporating 
these concepts so that increased rates of penetration and longer downhole 
drilling periods may be achieved. 
demonstrate a water-jet erosion drilling under-reamer has been completed, 
and a report is being prepared. 
ities are described within this section. 

# with cavitating jets and to improve downhole motor bearings and seals. 

The project to design, fabricate, and 

The status and progress of these activ- 

A field test of a hybrid, high-pressure water- jet/roller-cone bit has 
been completed. 
dolomite was achieved with a 1.8-mm (0.07-inch) nozzle at 96.5 MPa (14 000 
psi). 
direction ranged from 200% with an axial direction to 7UO% at a bit-gage 
direction. 
82.7 MPa (12 000 psi) had been rea 
is in preparation. 

The test demonstrated that the optimum penetration rate in 

Also, penetration rate improvements as a function of the water-jet 

These improvements were recorded after a threshold pressure of 
d. The final report on the field test 

Experiments to establish ard for testing rock resistance to 
cavitation attack have been completed. Samples of granite, marble, sand- 
stone, and dolo tion attack, and the mean and 
cumulative dep eriod were recorded. The data 
are being used 
water-jet acti 

ck response to cavitation/ 
evaluated and a final report 

Laboratory tests w lish the design parameters for 
- ng mud as a erosion medium. The 

ng cavitating 
ction. The re- 
ent pressures. 
ich increases as 

the third power of borehole pressure, and rock-cutting rates increase ap- 
prdximately as the third power of nozzle pressure drop. 
shown that the use of drilling mud imposes no adverse effects upon jet 

cd It was further 



performance. 
be used i n  conjunction with mechanical b i t s  t o  d r i l l  deep holes a t  in- 
creased penetrat ion rates with ex i s t ing  r i g s  and hydraulic equipment. 
follow-on pro jec t  t o  optimize cav i t a t ing - j e t  nozzle design is underway. 

These r e s u l t s  l ed  t o  the  conclusion t h a t  cav i t a t ing  jets may 

A 

A f a c i l i t y  f o r  t e s t i n g  downhole motor bearing and seal packages under 
simulated downhole condi t ions has been completed. 
t e s t i n g  of candidate bear ing/seal  packages with fu l l - s ca l e  motors a t  simu- 
l a t e d  downhole condi t ions of 300°C (572OF) and 34.5 MPa (5000 psi) .  
parameters include a d i f f e r e n t i a l  pressure across  the  bear ing/seal  package 
of 0 t o  13.8 MPa (0 t o  2000 p s i ) ,  a flow rate of 0.006 t o  0.013 d / s  (100 
t o  200 gpm), a r o t a t i o n a l  speed of 100 t o  1000 rpm, and a dynamic load t o  
267 000 kN (60 000 lb) .  
improve downhole motor bearings and seals. 

The f a c i l i t y  permits  t he  

Design 

The f a c i l i t y  is cur ren t ly  i n  use i n  the  pro jec t  t o  
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9.1 Characterizat h-Pressure Jet Drilling Systems 
/ 

tractor: er Associates, Inc. 
Principal Investiga zdar (617) 890-3200 
Contract Period: ust 1979 to 31 July 1980 
Contract Number: 13-8728 (Sandia) 
Technical Consultant: 505)  844-3601 

Project Objective 

Sandia personnel are conducting a study to assess the performance po- 
tential and economics of erosion drilling systems for geothermal resource 

1. System hardware 
2. Penetration 

provements and increased ef- 

lytical, experimental, a 

tion has 'been mad assure a 

data on industry jet-drilling experience and to develop cost estimates 
based on the information obtained and analyzed to this point in the 
project . 

19 7 
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Included in the data collecting efforts were the following: 

1. Three operating oil rigs were observed in Oklahoma. 
rigs were located near Chickasha and the third near Duncan. Trip- 
ping operations were observed, and photographs were taken. 

2. Halliburton, Inc. was visited. Halliburton is a major supplier of 
high-pressure intensifiers. 
critical components of the Gulf abrasive-jet drilling system. 
Halliburton will assist in the development of costing estimates on 
their own equipment. 
Gulf was requested to provide additional data on their abrasive- 
jet drilling system. The data are required in the evaluation of 
the system. 
An agreement to obtain Exxon's jet-drilling data was processed, 
and selected data were obtained for evaluation. 

\ 

Two of these 

These intensifiers are considered 

3. 

4. 

5. Equipment costs were discussed with drilling consultant, R. 
Rinaldi . 

The development of cost estimates included the following activities: 

1. Cost estimates of the low-pressure system of the Gulf abrasive-jet 

2. Costing of the high-pressure system of the Gulf project was initi- 
ated. 

3. A report on the costs of three of the five Gulf abrasive-Jet 
drilling subsystem as completed. 

4. Cost estimates for the downhole equipment used in the Gulf 
abrasive-jet drilling system were completed. 

5. Cost estimation for expendable'materials, e.g., mud and abrasive, 
used in the Gulf abrasive-jet drilling system was completed. 

6. A preliminary report on costs of the low-pressure system, downhole 
equipment, and expendable materials needed for abrasive-jet drill- 
ing was prepared. 
Costing of rig equipment required for abrasive-jet drilling was 
started. 

drilling system were completed. I ,  

7. 

Following a presentation by Exxon on their high-pressure drill 
gram, the available reference material was reviewed, and material was se- 
lected for subsequent evaluation. Co 
two note books entitled 
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9.2 Improvement of Downhole Drilling-Motor Bearings and Seals u 
Contractor: 

Contract Period: November 1979 t o  31 October 1980 
Contract Number: 
Technical Consultant: Finger (505) 844-8089 

2 Pr inc ipa l  Inves t iga to  T i b b i t t s  (801) 582-2220, e x t o  187 

. 

I ". . 

Pro jec t  Objective 

The app l i ca t ion  of downhole motors o geothermal d r i l l i n g  has been 
l imi ted  because of sho r t  bearing and seal l i f e  i n  the  high-temperature geo- 
thermal environment. The s p e c i f i c  ob jec t ive  of t h i s  pro jec t  is the  devel- 
opment of a 200-hour-life bearing and seal package adaptable t o  most types 
of downhole motors t ha t  operate  a t  a 121' (250'F) c i r c u l a t i o n  temperature. 

Pro jec t  S t a t u s  

Faci l i t ies  have been de eloped t o  test seals and bear ing/seal  packages 
300'C (572'F) and 34.5 MPa (5000 ps i ) .  

t e s t ed  t o  determine basel ine performance. 
a t  geothermal downhole conditions:  
Selected standard seals have 
New seals have been des ig  
t e s t ed  i n  the  laboratory.  a r ing  seals f o r  downhole motors have been 
designed and w i l l  be lab0 
f a c i l i t y .  The bearing/se f a c i l i t y  is  now completed, and fu l l - sca l e  
t e s t i n g  has begun. The p br icant  screening program test r e s u l t s  
have been completed and published. The lubr icant  test f a c i l i t y  remains 

continuing. 

ooperation with the  seal industry and 

es ted  i n  the  bear ing/seal  package test 

a lua t ion  are 

r e su l t i ng  from t h i s  test are 



Table 22 

Completed Seal Tests 

Chrome 
Shaft  
Coating 
Finish 

NO. of bP (ms) 
Pressure Backup MPa Duration Irm 

Rings Rings ( p s i )  h (Pin. ) 

034 G r a f o i l e  3 Backup 111 12.u 412 3.71 0.1 t o  0.2 
phosphor- w/3 0.79arm (0.031-in.) 10.3 (4 t o  8) 
bronze. leaves (1 7501 

1 500) 

Graf oil@- 3 Backup I11 10.3 412 34.6 0.1 t o  0.2 
phosphor- w/4 0.4-mm (0.016-in.) (1 500) (4 t o  8) 
bronze leaves 

Canted 2 9(: aluminum- 10.3 412 0 0.2 t o  0.3 
(8 t o  12) 

037 Grafoilds- 3 Backup I 10.3 412 aborted 0.1 t o  0.2 

bronze (1 500) Buna-N 

phosphor - SAE 600 (1 500) (4 t o  8) 
bronze broaze 

Diametral 
Clearance: 

Shaft  t o  
Backup 
Rings 

~ 

mm (in.) 

Flexing leaves 
0.025 (0.001) 
Backup r ing 
4.32 (0.170) 

Flexing 11 aves 

Backup r ing  
4.32 (0.170) 

0.025 (0.001) 

0.203 
(0.008) 

0.025 
(0.001) 



3. Inspect ion of the  seals a f t e r  the  test showed tha t  much less U GrafoilB had been lost  from the  seal cavi ty  i n  Test No. 035 than 
in previous tests t h  Grafo i la  seals. 

* 4. Inspect ion of the a1 s leeve  a f t e r  the  test showed that i t  had 
been worn much more than i n  previous tests with Gra fo i l e  seals. 
The f l ex ing  leaves had worn a groove i n  the  seal sleeve. 

J f i l e  of the  seal s leeve w i l l  be constructed t o  show the  wear. The 
f a i l u r e  of the  seal appeared t o  be due t o  the  f lex ing  leaves wear- 
ing out. 

A pro- 

T e s t  No. 036 w a s  also completed during this  report ing period (see 
Table 22). The test seal w a s  the  Generation I1 canted seal (Buna-N). This 
seal would not hold pressure,  and the  test was terminated. 
the  seals a f t e r  the  test showed t h a t  the  outs ide  diameter and height of the  
seals had shrunk s l i g h t l y  and, hence, would not seal properly. 

Inspect ion of 

T e s t  No. 037, of the  Grafoil@-phosphor-bronze seal with zero clearance 
Backup System I, had t o  be aborted (see Table 22). Two a t t e m p t s  were made 
t o  run t h i s  test. In  each attempt,  a new set of backup r ings  was machined 
t o  a 0.025-mm (0.001-in.) d iamet r ica l  c learance with the  sha f t  sleeve.  
Rotation was attempted a f t e r  both test setups,  and the  seal tester w a s  shut  
down immediately a f t e r  torques i n  excess of 678 N.m (500 lbf.  f t )  were 
noted. A de t a i l ed  ana lys i s  of the  test w i l l  be presented i n  the  Phase I V  
Semi-Annual Report, cu r ren t ly  i n  preparation. 

T e s t  No. 038, of the hybrid assembly with "V" design with zero clear- 
ance Backup System I11 having 0.4-mm (0.016-in.) leaves,  w a s  s t a r t e d  in t he  
latter p a r t  of t h i s  report ing period. The r e s u l t s  w i l l  be presented i n  the  
next qua r t e r ly  progress report .  

The following candidate seals were received from Utex Indus t r i e s  dur- 
t h i s  report ing period: 

1. Hybrid assembly 
2. Hybrid assembly - "Utex SF" design, 
3. HTCR f a b r i c  -- "Utex SF" design,  
4. Grafoil? - hor izonta l  laminates, and 
5.  Mesh matrix seals. 

< 

With the  receipt of the  seals, a l l  of the  seals required t o  conduct 
cu r ren t ly  proposed b le  23) are on-hand. 

A major modificat  

f o r  the  tester. 

The downhole mot0 

during t h i s  report ing 
period. This modif ica ign  of the  heat ing 

u' 
igned f o r  a m a x i m u m  

ing temperature of 316 'C (600OF) This high-temperature requirement 
c r e su l t ed  i n  a design heat capaci ty  f o r  the  tester of 30 kW. This high heat  

capaci ty  prevented the  use of band hea ters  in the  o r i g i n a l  design because 
of the  l imi ted  power densi ty  t a t  can be obtained from t h i s  type of heater .  
As a r e s u l t ,  the  hea ter  s y s t e  incorporated 30 1-kW ca r t r idge  hea ters  i n  a . 
hea te r  carrier t h a t  surrounded the  main vesse l  seal carrier. 

W 



Table 23 

Test Seal 
NO. Type 

038 Hybrid 

- 
assembly 
"V" design 

039 Hybrid 
assembly 
"Utex SF" design 

040 HTCR- 
"Utex SF" design 

041 ' Grafoil- 
horizontal 

043 Mesh matrix- 
glass f i b e r  

044 Mesh matrix- 
carbon 
f ibe r  

045 Graphite- 
homogeneous 

NO. of 
Pressure 
Kings 

3 

3 

3 

3 

3 

3 

3 

3 

Proposed Seal Tests 

AP 
Backup MPa 
Rings (ps i )  z. 

Chrome 
Shaft 
Coating 
Finish 
(ms) 

vm 
(pin. ) 

backup 111 10.3 412 0.1 t o  0.2 
w/4 0.4-mm (0.016 in.) (1 500) (4 t o  8) 
leaves 

SAE 660 10.3 412. 0.2 to 0.3 
bronze (1 500) 

SAE 660 10.3 
bronze (1 500) 

Zero clearance 10.3 412 0.1 t o  0.2 

bronze 

Sintered 10.3 ' 412 0.1 t o  0.2 

SAE 660 (1 500) ' (4 t o  8) 

graphite (1 500) (4 t o  8) 

graphite (1 500) (4 t o  8) 

graphit e (1 500) (4 t o  8) 

Sintered 10. 3 412 0.1 t o  0.2 

Sintered 10.3 412 0.1 t o  0.2 

Zero clearance 10.3 412 0.1 t o  0.2 
SAE 660 (1 500) (4 t o  8 )  
bronze 

Diametral 
Clearance: 

Shaft t o  
Backup 
u w s  

mm (iP.1 

Flexing leaves 
0.025 (0.001) 
Backup ring 
4.32' (0.170) 

0.254 
(0.010) 

0.254 
(0.010) 

( 0.00 1 ) 
0.025 

0.102 
(0.004) 

0.102 
(0.004) 

0.102 
(0.004) 

0.025 
(0.001) 



There is an inherent problem using ca r t r idge  hea ters  i n  the  seal 
tester. Space is l imi ted  in s ide  the  tester vesse l ,  and the leads from the  
c a r t r i d g e  hea ters  must be ben a t  the  junct ion with the  hea ter  i n  order  t o  

hea te r s  t o  short .  

4d 

= * 
f i t .  This causes cracking of the  ceramic in su la t ion ,  which allows the  

A l l  of the  s e a l  tests are now being run a t  a temperature of 121°C 
F). 

seal tester. 
required. Therefore, t o  solve the  problem with the  ca r t r idge  heaters ,  the  
hea ter  carrier w a s  removed from the  main vesse l  seal carrier, and a band 
hea ter  system w a s  designed t o  f i t  d i r e c t l y  around the  main vesse l  s e a l  
carrier. These hea ters  have a power densi ty  of 35 W/in.Z and a r e  3.8 c m  
(1.5 in.) wide. 

- 
This temperature w a s  es tab l i shed  a f t e r  the  o r i g i n a l  design of the  

Thus, the o r i g i n a l  design heat capaci ty  of 30 kW is no longer 

There are a t o t a l  of s i x  band hea ters ,  and the  t o t a l  heat  
is  8.2 kW. Surrounding the  ba anket of insula- 

The con t ro l  sys t e  ystem was a l s o  redesigned. 
The old con t ro l l e r  was a phase-angle-fired SCR power con t ro l l e r .  This t y p e  
of c o n t r o l l e r  has some inherent  problems f o r  the  seal tester heater sys t emr  
A phase-angle con t ro l l e r  can cause rad io  frequency in te r fe rence  (RFI), 
which w i l l  a f f e c t  a l l  of the  o ther  instrumentat ion i n  the  s e a l  tester. 
Also, the phase-angle-fired con t ro l l e r  is complicated and d i f f i c u l t  t o  
troubleshooe. This type of con t ro l l e r  is used i n  a s i t u a t i o n  i n  which the  
r e s i s t ance  of the hea ter  changes with temperature. 
change r e s i s t ance  with tempe 

The band hea ters  do not 

A zero-voltage-switched power con t ro l l e r  w a s  ordered an 
he new hea ter  system. This type of con t ro l l e r  tu rns  on when the  wave- 

form is  near the zero vol tage point ,  e l iminat ing the RFI problem connected 
with the phase-angle-fired cont ro l le r .  Also, the  zero-voltage-switched 
c o n t r o l l e r  is  simpler and easier t o  troubleshoot than the phase e-f i r e d  
con t ro l l e r .  

and zero-voltage-switched SCK power con- 
t r o l l e r  should increase the  number of tests tha t  can be performed i n  the  
s e a l  tester and w i l l  a l l0  

gram. The equipm been i n s t a l l e d  and is  funct ioning prop- 
ion  of a l l  of the  t e s t i n g  scheduled f o r  

The s e a l  tester d r i v  w a s  a l s o  overhauled during t h i s  report ing 
period. The following ov rocedures were ca r r i ed  out:  

The d r ive  belt f hp motor w a s  replaced, 
The s l i p  r ing w a s  rewired, and new contacts  were i n s t a l l e d ,  

were replaced, and 

s l ip- r ing  asse 

2. 
3. The right-angle d r  w a s  r e b u i l t ,  and n seals and bearings 

4. A new coupling was t a l l e d  between t h  ight-angle d r ive  and the  

c 

The bene f i c i a l  e f f e c t s  of these modifications and the  i n s t a l l a t i o n  of 
the new sha f t  were evident during test No. 035. This test w a s  completed 
with out disassembling the seal tester during the test. Thus, the  test 
seals were not dis turbed during the  test. 

W 
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Bearing/Seal Package Test ing and Evaluation 6.1 
A new f l o a t i n g  p is ton  f o r  the  bear ing/seal  package was ordered from 

Utex Indus t r ies .  
sists of a one-piece, molded, b i d i r e c t i o n a 1 , l i p  seal and is made of 
No. RD-239 HTCR material. 

The p is ton ,  which w a s  proposed by Utex Indus t r ies ,  con- 

The new e lec t rohydraul ic  flow cont ro l  valve f o r  the hydraulic d r i v e  , 
motor was received during t h i s  repor t ing  period. The new cont ro l  valve has 
a m a x i m u m  flow capaci ty  of 0.004 m S / s  (60 gal/min), which is  double the  
flow capaci ty  of the  ex i s t ing  flow cont ro l  valve. 
f o r  the hydraulic d r ive  motor servovalve have been i n s t a l l e d  t o  accommodate 
the l a rge r  flow rate of the  new hydraul ic  and servovalve system. 

An a t t e m p t  was made t o  operate the  bear ing/seal  package hot water sys- 

A 

New hoses and f i t t i n g s  

t e m  during t h i s  report ing period. It w a s  discovered t h a t  the  water w i l l  
not c i r c u l a t e  by convection alone; a small c i r c u l a t i o n  pump is  required. 
survey of pump manufacturers was made t o  loca t e  a high-temperature, high- 
pressure c i r cu la t ing  pump f o r  the  hot water system. More than 60 manufac- 
t u r e r s  were contacted. In  addi t ion ,  the  chemical process, o i l  and gas,  
b o i l e r ,  and nuclear i ndus t r i e s  were a l l  consulted f o r  pump recommendations. 

The extreme temperature and pressure requirements f o r  the  pump e l i m i -  
nated most pumps from consideration. Two pumps were located t h a t  would 
meet the spec i f ica t ions .  Both of these pumps are magnetically dr iven and 
have no sha f t  seals. 
Inc., E r i e ,  Pennsylvania, and the  other  pump is manufactured by the  Kontro 
Company, Inc., Orange, Massachusetts. Although both pumps meet the  speci- 
f i c a t i o n s ,  it w i l l  not be p r a c t i c a l  t o  use e i t h e r  because of p roh ib i t i ve ly  
high cos t  and long de l ivery  times. The search f o r  a s u i t a b l e  pump is con- 
t inuing . 

One pump is manufactured by Autoclave Engineers, 

New cabling has been ordered f o r  the  bear ing/seal  package test f a c i l -  
i t y  controls .  
experienced during the last fu l l - sca le  test of the  bear ing/seal  package. 
The new cabling w i l l  be i n s t a l l e d  before the  next test. 

This cabl ing is shielded and w i l l  reduce the  noise s igna l s  

The housing adaptor f o r  the  Eastman motor (Pa r t  No. 79-74) w a s  re- 
ceived during t h i s  report ing period. 
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9.3 Design and Fabricat ion Support of Bearing/Seal Research 

Contractor: Maurer Engineering, Inc. 
P r inc ipa l  Inves t iga tor :  J. Barnwell (713) 683-8227 
Contract Period: 1 November 1979 t o  31 October 1980 
Contract Number: 46-3054 (Sandia) 
Technical Consultant: J. Finger (505) 844-8089 

Projec t  Objective 

The ob jec t ive  of t h i s  pro jec t  is t o  provide the  required design, manu- 
fac tur ing ,  and post- tes t  component ana lys i s  support f o r  the  development of 
downhole dril l ing-motor bearings and sea ls .  

P ro jec t  S t a tus  

Maurer Engineer2 v i ces  t o  the  bear,ng/ 
seal research under a subcontract with Terra Tek, Inc. 
1979, the  required support se rv ices  have been furnished under a separa te  
cont rac t  with Sandia. Design of redundant seals and of the  areas 
in t e r f ac ing  with the  b 

Since November 

a1 package is con t i  

Quarter ly  Progress 

Motor I n t e r f a c e  P a r t s  - Maurer Engineering shipped i n t e r f a c e  p a r t  
As of ' t h i s  da te ,  a l l  necessary i n t e r f a c e  p a r t s  No. 79-74 t o  Terra Tek. 

have been del ivered t o  Terra Tek. 

There are two candidate f l o a t i n g  p is ton  
assemblies. One assembly u t i l i z e s  a wear-compensati GrafoilB arrangement 
t o  seal on the  inner  s leeve and elastomers on the  0.  

is ab le  t o  compensate for run-out and s ecause the  ou te r  
This assembly a l s o  

eeve seal. The main 

ew 102-mm by 12 

2 



L I GHTEN I N G 
GROOVE- - 

, 

WIPER GROOVE O-RING / 

L I G H T E N I N G  
-GROOVE 
- 

-W I PER GROOVE 

Figure 4 6 .  Single-Piece Piston Using All-Elastomer Seals 
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An a l t e r n a t i v e  has been designed by Maurer Engineering u t i l i z i n g  a new 
high-tempeyature seal known as a Variseal. 
(7@75-in.) f l o a t i n g  p is ton  i s  shown i n  Figure 47. 

The assembly f o r  a 19.7-cm L, 
Both f l o a t i n g  p is ton  and lower ro ta ry  Variseals were designed previ- 

ously by Maurer Engineering f o r  use i n  LANSL’s geothermal tu rbodr i l l s .  The P 

Variseal p is ton  worked w e l l  i n  the  simulated downhole tests conducted a t  
Terra Tek by Sandia and LANSL. 

The Variseal f l o a t i n g  i s t o n  assembly has been manufactured. When the  
Variseals necessary t o  o u t f i t  the  assembly are del ivered,  the  e n t i r e  assem- 
b ly  can be shipped t o  Terra Te  

Improved Redundant Sea l s  Design sketches have been made f o r  severa l  
redundant-seal concepts. A bas ic  dec is ion  that must be made i n  t h i s  area 
concerns the  a c t u a l  funct ion which 11 t r i g g e r  the  redundant seal i n t o  
act ion.  Functions were discussed some length  i n  an earlier r epor t  (see 
Terra Tek TR78-58)* Since au t  a c t i v a t i o n  is des i red ,  the  seal could 
be made t o  activate when one o ollowirigcevents occurs: 

1. The leakage rate exce 

2. The pressure drop acr e redundant seal increases ,  o r  

3. A specified.volume of i c a n t  has leaked past  the  primary seal. 
Leaked-volume a c t i v a t i o n  Can be accomplished by a f loat ing-pis ton 
loca to r  or  a leak-vol 

One poss ib le  design u t i l i  he design seals pr imari ly  
in one d i r e c t i o n ,  and, when the  s e a l s  are unloaded, wear is i n s ign i f i can t .  
Therefore, a s tack  of Variseals dundant assembly. 

Improved Rotary Sea l s  - Th t i n g  the  Variseal de- 
s igns  t o  the  bear ing/seal  package is being invest igated.  
r i n g s  and spacer were designed’and manufactured so’that the  Variseal could 
be t e s t ed  i n  the  T e  
t o  Terra Tek during 

Bronze housing 

end seal r e t a i n e r  

1 

t y  involv ing’ the  GrafoilB seal systems. 

rsonnel  a t  Maurer Engineering viewed the  

were t h a t  the  move t o  thinner  backup leaves is the  next l o g i c a l  s tep.  
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G R A P H I T E - F I L L E D  RYTON 

- 
REDUNDANT MUD SEAL 

Figure 47. Assembly for a 19.7-cm (7.75-in.) Variseal Floating Piston 
Utilizing the Low Friction and Mass Properties of Graphite- 
Filled Ryton 
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9.4 Development of Geothermal Erosion Dr i l l i ng  Hardware 

LJ 
Contractor: University of Missouri-Rolla 
P r inc ipa l  Inves t iga tor :  D. A. Summers (314) 341-4311 
Contract Period: 6 February 1979 t o  31 March 1980 
Contract Number: 13-2346 (Sandia) 
Technical Consultant: \ I). Glowka (505) 844-3601 

Projec t  Objective 

,%he -0bJect ive mfl t t o  auntinue: work" i n  gerosfon dr i l . l . ing 
o r  geothermal a p p l i c a t  e s t i g a t i o n s  i n t o  the  design, f ab r i -  

ca t ion ,  and demonstration of hardware usefu l  f o r  geothermal w e l l  d r i l l i n g  
and completion. There are three  primary objec t ives  of t h i s  project :  

1. Development and demonstration of an e ro  d r i l l i n g  under-reamer 
f o r  use i n  geothermal ec t ion  wells, 

t e s t i n g  of a hyb water- je t / ro l le r -cone  b i t ,  and 

3. Development a t i o n  damage test standard f o r  rock. 

P ro jec t  S t a t u s  

All work under t t has been completed. ummary of the  
r e s u l t s  of the  inves t iga t ion  is presented i n  the  quar te r ly  progress s e c t i o n  
below. A f i n a l  repor t  is and will be published separately.  

quired f o r  each produci 
reamer cons i s t  of reami 

iameter must 

W 
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c. It was a lso  found tha t  the addi t ion  of polymer t o  the  water i n  the  
concentration of 200 ppm increases  the  maximum allowable nozzle standoff 
d i s tance  t o  4.8 cm (1.9 in.). 
under-reaming f l u i d ,  the  mechanical cons t r a in t s  on the  system could be 
reduced . 

Thus, i f  polymers were included i n  the  
< 

Further t e s t i n g  revealed tha t  increasing the  ambient pressure from 
atmospheric t o  17.2 MPa (2500 p s i )  and the  confining pressure from 0 t o  
41.4 MPa (6000 p s i )  decreases the  depth of cut  i n  Berea sandstone by a 
f a c t o r  of 10. 
pressure jet from the sur face  i n t o  a 1829-metre (6000-foot) borehole. 

This r e s u l t  shows dramatical ly  the  e f f e c t  of taking a high- 

The second task  i n  t h i s  study w a s  t o  develop a concept f o r  the  mechan- 

This approach would negate 
i c a l  design of the  under-reamer device,  to  b u i l t  a working port ion of t h i s  
device, and t o  test it a t  atmospheric pressure. 
the  need t o  develop, i n  a f e a s i b i l i t y  study, a device that would work i n  a 
downhole environment. 

The concept developed cons i s t s  of four  u n i t s  mounted on two balanced 
arms. Each un i t  cons i s t s  of a ro ta ry  coupling t o  which a nozzle on an 
extended tube is mounted. A hydraul ic  motor causes each nozzle t o  r o t a t e  
about i ts  coupling axis .  In  the downhole configurat ion,  the balanced arms 
would be ro ta ted  about the  borehold axis, r e su l t i ng  i n  the  t r a n s l a t i o n  of 
each nozzle uni t .  Thus, each un i t  would sweep out  an annular area 22.9 c m  
(9.0 in . )  wide, and a l l  four u n i t s  together  would under-ream a 91.4-cm 
(3.0-ft) radius hole. 
axis f o r  t r ipping-in and tripping-out and could be unfolded downhole t o  the 
under-reaming configuration. 

The arms could be folded p a r a l l e l  t o  the  borehole 

A s i n g l e  unit of t h i s  device was b u i l t  and t e s t ed  a t  atmospheric 
pressure aga ins t  Berea sandstone. The test was conducted under non-optimum 
condi t ions;  i.e., the nozzle r o t a t i o n a l  ve loc i ty  w a s  not synchronized with 
the nozzle ax is  t r a n s l a t i n g  ve loc i ty  t o  give complete removal of a thick- 
ness of rock i n  a s ing le  pass. In  addi t ion ,  the  optimum nozzle standoff 
d i s tance  was not maintained. Under these condi t ions,  a 35.6-cm (14.0-in.) 
hole was excavated a t  a rate of 0.46 m/h (1.5 f t / h ) .  

The c h a r a c t e r i s t i c s  of a field-usable water-jet  under-reamer can be 
projected from the  r e s u l t s  of t h i s  study and from the  r e s u l t s  of indepen- 
dent s tud ie s  found i n  the l i t e r a t u r e .  The c h a r a c t e r i s t i c s  of major i n t e r -  
est relate t o  the  pump and r i g  requirements as w e l l  as t o  the  performance 
of such a system. 

The pump needed f o r  the  system would be required t o  pump water o r  
other  non-abrasive l i qu ids  a t  pressures  of 68.9 t o  82.7 MPa (10 t o  12 k s i )  
and flow rates of 2.2 x 10-3 ms/s (35 gal/min). These requirements can be 
m e t  with c o m e r c i a l l y  ava i l ab le  pumps. 

The r i g  required f o r  t h i s  operat ion would be f a i r l y  small, with a 
l i f t i n g  capaci ty  of approximately 31.8 x 103 kg (35.0 tons).  
suggests t h a t  a workover or  truck-mounted r i g  could be used. 

This capac i ty  

LJ The projected performance of t h i s  system i s  an excavation rate of 4.2 
x 10-5 m/s (0.5 f t / h )  i n  Berea sandstone a t  a depth of 1829 metres 
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6, 
(6000 f e e t ) ;  thus ,  a 61.0-metre (200-foot) under-reaming i n t e r v a l  would 
require  .15 t o  20 days f o r  completion. 

The r e s u l t s  of t h i s  study and the  pro jectkd system' characteristics 
w i l l  be examined i n  order t o  determine the  benef i t s  of developing an 
under-reamer sys t e  r use i n  geothermal f i e l d s .  

The objec t ive  of t h i s  task  w a s  t o  f i e l d  test a 
hydr ed under an earlier contract .  The t e s t i n g  w a s  

- 
to  be conducted a t  shallow depths f o r  comparison 
performance. 

nventional b i t  

s u l t s  of f i e l d  te of the hydromechanical d r i l l  i n  d r i l l -  
ing dolomite indicated t h a t  a jet pressure of 68.9 MPa (10 000 p s i )  must be 
exceeded before a jet  assist improves performanc 
(12 000 ps i ) ,  improvements of approximately 100% r b e t t e r  i n  d r i l l i n g  rate 
can be achieved us ing-a  s ing le  jet d i rec ted  a x i a l l y  along the  d r i l l .  Other 
jet o r i en ta t ions  have achieve ven higher rates. The f i e l d  tests were 
concluded during October 
achieved where high- pres  
b i t  ( t h i s  combination comprising the  hydromechanical b i t ) ,  the  p r a c t i c a l  
problems of running the  present b i t  design i n  a hole were such t h a t  i t  w a s  
recommended tha t  t h i s  p a r t i c u l a r  design not be fu r the r  developed. 

Above 82.7 MPa 

While an improvement i n  d r i l l i n g  rate was 
water-jets were d i rec ted  across  a quadracone 

Cavi ta t ion  Test -- The objec t ive  of t h i s  task  was t o  develop a s tan-  
dard procedure f o r  determining t 
at tack.  The pose of t h i s  ob j  t i v e  was threefold.  F i r s t ,  such a stan- 
dard could be 
i t  is hoped t 
r e l a t i v e  r e s i s t ance  of d i f f e r e n t  rock types t o  the a t t a c k  of cav i t a t ing  
and, perhaps, conventional jets. F ina l ly ,  the  r e s u l t s  of these  s tud ie s  
could conceivably be used t o  develop b e t t e r  methods ' fo r  
c a v i t a t i o n  phenomenon - in  geothermal d r i l l i n g . '  

res i s tance  of rocks t o  cav i t a t ing - j e t  

ed t o  inves t iga t e  the cav i t a t ion  damage mechanism. 
, eventual ly ,  a determination may be made concerning the  

Second, 

i z ing  the  

Two methods f o r  i n i t i a t i n g  c a v i t a t i o n  damage were invest igated.  The 
e t y  for Test ing I 

Materials (ASTM) st 
metal specimen a t  t cer. The specimen 
then submerged t o  a 
a t  a frequency of 2 
men f ace ,  which damages 

The i n v e s t i g a t i  
t h a t  the  machining o 
modified procedure 

t a t i o n a r y  below a 
. 

onducted on three  types of g ran i t e ,  th ree  types of marble, a sandstone, 
Cumulative damage as a funct ion of t i m e  was determined by and dolomite. 

measuring the  weight l o s s  of the  samples a f t e r  t e s t i n g  and drying f o r  
LJ 
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specified time periods. 
under a microscope to determine the characteristic results of cavitation 
attack on different rock types. 

In addition, the damaged.zones were inspected 

The results of this investigatio re inconclusive. It was not 
possible to identify common characteristics that describe the effects of 
cavitation on similar types of rock. For example, some of the granites 
showed a response much closer to that of the marble than to that of the 
other granites. 
to cavitation attack with the response to conventional-jet attack. For 
instance, dolomite is one of the most difficult rocks to penetrate with 
conventional jets, yet it was the rock most easily eroded by-cavitation 
attack. 

It was also not possible to correlate the response of rock 

The second method that was investigated for inducing cavitation uti- 
lized high-pressure jets in a chamber at elevated ambient pressure. 
were conducted to determine the optimum nozzle diameter, nozzle pressure 
drop, and ambient pressure to use as standard conditions. 
standard conditions, tests were run on a-suite of rocks and Plexiglas to 
provide a standardized sample for comparison with-research conducted else- 
where. Again, three types of granite, three types of marble, sandstone, 
and dolomite were tested. 

Tests 

Under these 

The results of these tests were more consistent than those conducted 
with the vibratory method. The cavitating-jet erosion mechanism appeared 
to be much the same for all samples tested. The cavity shape was similar 
in most cases, with the central cavity being>much larger than the diameter 
of the impacting jet; in most cases, cracks grew out into the sidewalls of 
the cavity. 

In addition, it was found that the data for mass loss  vs jet impact 
time could be described for each rock type by the equation 

B mass loss = A(time) , 
where A and B are constants for each rock type. 
ther research to determine these constants would allow identification of 
the cavitation erosion resistance of different rock types. However, the 
short-term benefits of further research are insufficient to justify further 
work under this program. 

It is possible that fur- 

. 
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9.5 F e a s i b i l i t y  and Design Study of a Downhole 
Pressure-Pulsing Device 

Contractor: Hydronautics, Inc. 
P r i n c i p a l  Inves t iga tor :  
Contract Period: 1 August 1979 t o  31 Ju ly  1980 
Contract Number: 13-5111 '(Sandia) 
Technical Consultant: D. Glowka (505) 844-3601 

V. Johnson, Jrt (301) 776-7454 

Pro jec t  Objective 

The ob jec t ive  of t h i s  p ro jec t  is t o  conduct a f e a s i b i l i t y  and prelim- 
inary  design study of a downhole pressure-pulsing device f o r  use with cavi- 
t a t i n g  jets. This device would convert s teady  pressures supplied by the  
pump i n t o  pulsing nozzle pressures,  thereby supplying higher- than-average 
pressures over one-half t he  cycle. The technique should g r e a t l y  increase  
the  e f f ec t iveness  of c a v i t a t i o n  erosion, inasmuch as tests have shown t h a t  
rock c u t t i n g  rates with Hydronautics' Cav i j e t a  nozzles increase  as the  
t h i r d  power of nozzle pressure drops. 

The design of t h i s  device w i l l  take i n t o  account an i n t e r e s t i n g  char- 
acterist ic of Cavijet-induced cav i t a t ion .  The shedding of t o r o i d a l  vor- 
tices and t h e  subsequent formation of c a v i t i e s  i n  the jet shear zone have 
been shown t o  occur with a high degree of per iodic i ty .  The pressure- 
pulsing device w i l l  e s s e n t i a l l y  cons i s t  of a flow passage immediately up- 
stream of the  nozzle. The passage w i l l  be s ized  so as t o  resonate a t  t h e  
vortex-shedding frequency, thereby amplifying the  small pressure pulses 
c rea ted  by the  vortex- shedding phenomenon. 

P ro jec t  S t a t u s  

Preliminary design s t u d i e s  have been completed, along with a review of 
pas t  research and l i t e r a t u r e  on shear and o s c i l l a t o r y  flows. Three nozzle 
concepts have been se l ec t ed ,  designed, and €abricated.  Laboratory t e s t i n g  
of the  nozzles has been completed, and prepara t ion  of the  f i n a l  repor t  is 
und e r wa y . 
Quar te r ly  Progress 

During the  reporting period, l abo ra to ry  t e s t i n g  w a s  completed and 
ana lys i s  of the  da t a  c a r r i e d  out. Summaries of s e l ec t ed  a c t i v i t i e s  follow. 

c 

The Hydronautics high-pressure test loop modifications f o r  v i s u a l  ob- 
s e rva t ions  were completed, and c a v i t a t i o n  observations were made of He lm-  
h o l t z ,  tuned-inline-resonant CavijetO nozzles with various cav i ty  volumes. 
These r e s u l t s  were compared with similar observations made on the  bas ic  
Cavi jet@ nozzle,  conventional nozzles, and o the r  resonant CavijetO con- 
cepts. I n i t i a l  r e s u l t s  revea l  t h a t  the  i n c i p i e n t  c a v i t a t i o n  number f o r  t h e  
tuned-inline,  Helmholtz Cav i j e t a  is approximately twice t h a t  of the  bas ic  

U 
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Cavijete. Cavitation observations as well as rock erosion levels for the 
pulsed resonant nozzles were made. 

Air tests were conducted on a variety of resonant-nozzle concepts, 
with particular attention given to the effect of minor geometrical changes 
on the amplitude of jet modulation. 

Professor A. Ellis conducted tests in the University of California at 
San Diego (UCSD) test apparatus on the effects of forced excitation on jet 
structure and on the resulting cavitation. After some considerable effort , 
a successful magnetostrictive exciter was developed which permits adequate 
excitation amplitude at frequencies up to 15 kHz. Tests were carried out 
to determine the effect of excitation on the jet structure and on cavita- 
tion at the highest jet-speed capabilities of the test apparatus--91 m/s 
(300 ft/s). 

The data obtained were analyzed, and some additional experimental 
tests in water, tests related to the rock cutting capability of the inline 
Helmholtz, resonator nozzle, were carried out. Also further tests in air, 
using an inline, Helmholtz, resonator nozzle to feed a smaller Cavijeta 
nozzle so: as to passively excite the Cavijete nozzle at the critical 
Strouhal number of 0.3, were carried out. Preliminary results in air 
indicate the feasibility of the concept. That is, it seems feasible to 
passively accomplish the results which were achieved by Professor Ellis at 
UCSD in water with active excitation. 

A detailed review of the work carried out under the project was pre- 
, 
I 
~ 

~ 

sented to Sandia in May 1980. Preparation of the draft final report was 
nearing completion at the close of the quarter. Details of the project 
findings will be reported in the next quarterly progress report. 
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9.6 Testing of Percussion Dr i l l i ng  Hammers and B i t s  
W 

Contractor: Dr i l l i ng  Research Laboratory, Inc. 
P r inc ipa l  Inves t iga tor :  A. Black (801) 583-4111 
Contract Period: 15 December 1979 t o  31 March 1980 
Contract Number: 46-3173 (Sandia) 
Technical Consultant: J. Finger (505) 844-8089 

Pro jec t  Objective 

The objec t ive  of t h i s  pro jec t  is t o  evaluate  percussion d r i l l i n g  de- 
v i ces  which o f f e r  the  po ten t i a l  advantages of high penetrat ion rate and 
achievement of s t r a i g h t  holes when d r i l l i n g  with low-density f l u i d s  i n  
b r i t t l e  rock. 

P ro jec t  S t a t u s  

The p ro jec t ,  cu r ren t ly  l imi ted  t o  the  laboratory t e s t i n g  of the  
pene t ra t ion  rate and high-temperature hammer performance of commercially 
a v a i l a b l e  equipment, w a s  i n i t i a t e d  i n  the las t  quarter  of 1979. The 
laboratory tests were completed last quarter .  The test r e s u l t s  are being 
evaluated with a view toward quan t i f i ca t ion  of the po ten t i a l  economic 
bene f i t s  of percussion d r i l l i n g  operations.  The f indings of the  'evaluation 
w i l l  determine what add i t iona l  e f f o r t s  w i l l  be made t o  improve percussion 
d r i l l i n g  devices f o r  geothermal w e l l  d r i l l i n g .  

Quarter ly  Progress 

The r e s u l t s  of the  laboratory tests were summarized i n  the  previous 
qua r t e r ly  report .  During t h i s  qua r t e r ly  report ing period, the  test r e s u l t s  
were analyzed i n  d e t a i l  by Sandia. The report  of t h i s  ana lys i s  is con- 
ta ined i n  Appendix E. 
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9.7 Development of Improved Cavijete Nozzles 

cont rac tor  : Hydronautics, Inc. 
P r inc ipa l  Inves t iga tor :  A. F. Conn (301) 776-7454 
Contract Period: 18 February 1980 t o  17 February 1981 
Contract Number: 13-5129 (Sandia) 
Technical Consultant: D. Glowka (505) 844-3601 

Projec t  Objective 

The objec t ive  of t h i s  pro jec t  is t o  increase knowledge of CavijetB 
nozzle design p r inc ip l e s  and t o  develop CavijetB nozzles which achieve 
increased inc ip i en t  and optimum cav i t a t ion  numbers. 

P ro jec t  S t a t u s  

The i n i t i a l  nozzle tests a t  DRL and the  modification of the  Hydronau- 
tics test f a c i l i t i e s  have been completed. Rock c u t t i n g  tests and cavi ta-  
t i o n  incept ion s tud ie s  have been i n i t i a t e d  and are continuing. 

Quarter ly  Progress 

I n i t i a l  Nozzle Tests - The f i r s t  t ask  i n  t h i s  pro jec t  was a test of 

Although similar tests were conducted a t  
the ef fec t iveness  of ex i s t ing ,  fu l l - s i ze  Cavi je te  nozzles i n  c u t t i n g  hard,  
impermeable rock such as grani te .  
the  Hydronautics test f a c i l i t y  i n  earlier research, these tests could not 
be run with fu l l - s i ze  nozzles a t  nozzle pressures  g rea t e r  than 12.4 MPa 
(1800 p s i )  due t o  the  l imi ted  ava i l ab le  pump power. The jets proved capa- 
b l e  of cu t t i ng  g r a n i t e  at t h i s  p re s su re ,  but the  depth of cut  w a s  a f a c t o r  
of 20 lower than those obtained i n  tests a t  the  DIU w i t h  Indiana limestone 
and nozzle pressure drops of 16.6 MPa (2400 ps i ) .  

Extrapolated da ta  suggest t h a t  obtaining a depth of c u t  i n  Georgia 
g r a n i t e  comparable t o  those obtained i n  Indiana limestone would requi re  
nozzle pressure drops of 43.4 MPa (6300 ps i ) .  
quired flow rates are within the  capab i l i t y  of equipment a t  DRL. 
ingly,  tests were conducted the re  i n  Apr i l  1980 t o  determine the  v a l i d i t y  
of t h i s  extrapolat ion.  
S i e r r a  white gran i te ;  27 runs on the  f i r s t  specimen and 34 runs on the  
second . 

This pressure and the  re- 
Accord- ' 

A t o t a l  of 61 runs was made on two specimens of 

Upon considerat ion of the  ava i l ab le  flows (about 10.1 X / s  [160 gpm] a t  
103 MPa [15 000 p s i ] ) ,  it was rea l i zed  t h a t  only two fu l l - sca le  nozzles 
could be simultaneously tes ted.  For t h i s  reason, plus considerat ion of the  
major changes required i n  the e x i s t i n g  t o o l  t o  permit  operat ion up t o  
52 MPa (7500 p s i ) ,  it was decided t o  build a new "two-nozzle" tool.  The 
design of t h i s  t o o l  w a s  i n i t i a t e d  by NL/Hycalog. 
was used f o r  these tests, but the  remainder of the  test configurat ion was 
e s s e n t i a l l y  the  same as t h a t  used during the  f i r s t  phase of t h i s  program. 

This new, two-nozzle t o o l  lclt 

227 



L, Another change w a s  a v a s t l y  improved ra tche t ing  mechanism t h a t  w a s  created 
by DRL espec ia l ly  f o r  the tests because of d i f f i c u l t i e s  encountered during 
the  f i r s t  phase. This new ra tche t ing  device worked pe r fec t ly ,  completely 
el iminat ing the frequent malfunctions i n  indexing the too l ,  which occurred 
throughout the earlier e f f o r t s  i n  the wellbore simulator.  . 

On the f i r s t  rock specimen, both of the  Cavi jet@ cav i t a t ing - j e t  
nozzles had an o r i f i c e  diameter of 5.2 mm (0.204 in.) .  One of these had 
the "plain"  CavijetB nozzle configurat ion;  t he  o ther  was a new type of 
Cavi jet@ cavi ta t ing-  jet nozzle,  which consis ted of tandem o r i f  ices with an 
intervening,  self-exci ted,  resonant chamber. For convenience, the  latter 
nozzle w i l l  be ref e r red  t o  as the  "Pulsar ," a "nickname" temporarily 
adopted f o r  t h i s  cla'ss of Cavi je te  cavi ta t ing- f lu id  jet nozzles. 

* 

To f u r t h e r  examine s ize-scal ing e f f e c t s ,  t he  second rock w a s  exposed 
t o  hole c u t t i n g  tests by two Cavi je te  nozzles,  one having an o r i f i c e  diam- 
eter of 2.6 mm (0.101 in.)  and the  second 7.2 m (0.283 in.). Unfortu- 
na te ly ,  due t o  erosion damage on these nozzles and t h e i r  subsequent r e p a i r ,  
as discussed below, the configurat ion of t h e i r  o r i f  ices w a s  only approxi- 
mately t h a t  of the o r i g i n a l  design. This condi t ion had some e f f e c t  on the  
test r e s u l t s ,  and attempts w i l l  be made t o  assess the  magnitude of these  
configurat ion e r r o r s  on the da ta  t h a t  were obtained. 

The ranges of the  var ious test parameters were 

1. Swivel (=pump) pressure:  
2. Nozzle pressure drop, hp: 
3. Ambient borehole pressure,  P : 0.8 t o  51.2 MPa (122 t o  7420 p s i ) ,  

4. Cavi ta t ion number: 0.02 t o  5.58. 

18.6 t o  75.8 MPa (2700 t o  11 000 p s i ) ,  
9.0 t o  51.3 MPa (1300 t o  7440 p s i ) ,  

a and 

It should be emphasized t h a t  the foregoing ranges of parameters repre- 
sen t  the  ex terna l  values achieved during the e n t i r e  test series and t h a t  
the  maximum values of ~ \ p  and P were not u t i l i z e d  during any s ing le  tes t  
run. Indeed, the  maximum swivel pressure t h a t  could be used was found t o  
be only about 75.8 MPa (11 000 p s i ) ,  desp i t e  the  ra ted  pump capaci ty  of 
103.4 MPa (15 000 p s i ) .  Therefore, s ince  P = n p  + Pa, running with 
any combinations of hp  and P 
(11 000 p s i )  w a s  precluded. This pressure l i m i t  on the  DRL system during 
these tests w a s  found t o  be a t  a connection between the  aluminum segment of 
d r i l l  p ipe,  which serves  as the  load c e l l  f o r  sensing torques and b i t  
weights, and the  mating steel d r i l l  pipe segment. Twice ,  when the  attempt 
w a s  made t o  exceed 75.8 MPa (11 000 p s i ) ,  t h i s  connection began t o  leak,  
requi r ing  a shutdown and replacement of t h e  O-ring. It w a s  f e l t  t h a t  t h i s  
problem may have been caused by expansion of the  aluminum pipe and could 
probably be d e a l t  with i n  any fu tu re  high-pressure e f f o r t s  by s u b s t i t u t i n g  
a s teel  d r i l l  pipe segment. 
so lu t ion  during the  present t e s t  series. 

a 

* v e l  t h a t  exceeded'vke system l i m i t  of 75.8 MPa a 

Time  r e s t r a i n t s  prevented an attempt a t  t h i s  

Another major problem, which was g r e a t l y  minimized but not e n t i r e l y  
eliminated, was erosion of nozzle o r i f i c e s  by suspended rock p a r t i c l e s  i n  
the  water used f o r  these tests. Because water w a s  se lec ted  as the  working 
f l u i d  f o r  these runs t o  provide d i r e c t  comparisons with the  more extensive 
tests t o  be conducted a t  Hydronautics, and because of the long lead t i m e  
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required t o  f a b r i c a t e  carbide nozzles, a l l  of the  nozzles used i n  these 
tests were fabr ica ted  from s t a i n l e s s  steel. During a f i r s t  test run, the  
two nozzles were eroded t o  about twice t h e i r  o r i g i n a l  combined area a f t e r  
less than 1/2 hour of a t t empt s  t o  achieve the  desired test pressures  and 
flows. Thus, i t  w a s  necessary t o  r epa i r  these two nozzles by welding over 
the  damaged o r i f i c e s  and then remachining t o  approximate the  o r i g i n a l  
configurat ions.  A s  discussed, these repaired nozzles were subsequently 
used i n  the series of runs made on the  second specimen of S ie r r a  white 
gran i te .  

To reduce t h i s  nozzle erosion problem, the  e n t i r e  system was thor- 
oughly r insed with f r e sh  tap  water. Outside water w a s  used during the  
a c t u a l  t e s t i n g  on a once-through basis ins tead  of being r ec i r cu la t ed  i n  the  
normal fashion. Although t h i s  g rea t ly  reduced nozzle wear, i t  was not 
poss ib le  t o  remove a l l  of the particles of rock from the  complex DRL piping 
and pump system. Thus, measurable wear, which w i l l  be fac tored  i n t o  the  
f i n a l  analyses of the  test r e s u l t s ,  did occur t o  a l l  four nozzles. 

Preliminary examinations of the  test r e s u l t s  are limited.  Estimated 
hole  depths were taken within the i n t a c t  specimens, and the f i n a l  measure- 
ments of depth, diameter, and volume are i n  progress a t  Hydronautics. 
Preliminary observations are as follows : 

1. Nozzle pressure drops of a t  least 27.6 MPa (4000 p s i )  were re- 
quired t o  create measurable damage i n  these S ie r r a  white g r a n i t e  
specimens, even a t  the  exposure t i m e s  of up t o  5 minutes t h a t  were 
used f o r  runs a t  the  lower pressures of 10.3 and 17.2 MPa (1500 
and 2000 psi) .  

2. The two p la in  CavijetB cav i t a t ing - j e t  nozzles having o r i f i c e  diam- 
eters of 2.6 mm and 7.2 mm (0.101 in.  and 0.283 in.)  produced sub- 
s t a n t i a l l y  lower hole-cutt ing rates a t  the nominal nozzle pressure 
drop of 34.5 MPa (5000 p s i )  when compared t o  the o ther  p a i r  of 
5.2-m (0.204-in.) p l a in  and Pulsar  types of Cavi je te  cavi ta t ing-  
j e t  nozzles. This enhanced c u t t i n g  rate f o r  the  latter p a i r  of 
nozzles w a s  observed over the e n t i r e  test range of c a v i t a t i o n  
numbers from about 0.2 t o  1.3, which w e r e  used a t  the  hp  of 34.5 
MPa (5000 p s i ) .  

F a c i l i t i e s  Modification -- Three viewing por t s  were i n s t a l l e d  i n  the  
nd were successfu l ly  t e s t ed  t o  a 
These por t s  a f fo rd  good v i s i b i l i t y  
t i ng ,  even a t  lower c a v i t a t i o n  num- 

Hydronautics high-pressure ce l l  ( 
ce l l  pressure of 20.7 MPa (3000 p 
of cav i t a t ion  phenomena during r 
bers. 

A displacement device f o r  i n  s i t u  measurements of eroded hole volume 
w a s  constructed,  ca l ib ra t ed ,  and then i n s t a l l e d  i n  the  chamber. This de- 
v i ce  s i g n i f i c a n t l y  increases  t h  
duces the  number of t i m e s  t he  c r must be opened and the  rock removed. 
The device has proven capable of providing s u f f i c i e n t  accuracy and repro- 
d u c i b i l i t y  and has already saved considerable  t i m e  during some recent  
hole-cutt ing tests. Methods f o r  v i sua l ,  photographic, and pressure- 
pu lsa t ion  da ta  acqu i s i t i on  are now i n s t a l l e d  and operat ional .  

e of data  acqu i s i t i on  because i t  re- 



The modified f a c i l i t y  w i l l  be used i n  the  fluid-dynamic s tud ie s  and 
rock c u t t i n g  tests conducted a t  Hydronautics. 

Fluid-Dynamic S tudies  - The fluid-dynamic s tud ie s  w i l l  be used t o  
iden t i fy  changes i n  nozzle design t h a t  improve jet dynamics. Improvements 
are considered t o  be those tha t  r e s u l t  i n  increased inc ip i en t  cav i t a t ion  
numbers and i n  the  development of more highly s t ruc tured  jets. High-speed 
s t i l l  photography w i l l  be used t o  examine pe r iod ic i ty  of vortex shedding 
and cavi ty  s i z e  and in tens i ty .  Visual and a u r a l  de tec t ion  of c a v i t a t i o n  
w i l l  be used t o  determine inc ip i en t  cav i t a t ion  numbers. Thus, both quali-  
t a t i v e  and quan t i t a t ive  measures of je t  dynamics can be assoc ia ted  with 
changes i n  nozzle design i n  order  t o  rate the r e l a t i v e  m e r i t  of each 
change. 
des i r ab le  r e s u l t s  of a nozzle design change because these would increase 
the depth capab i l i t y  and/or lower the  required nozzle pressure f o r  effec-  
t i v e  rock cu t t ing .  

Increases i n  inc ip i en t  cav i t a t ion  number and j e t  s t r u c t u r e  are the  

Several  nozzle t y p e s  have been t e s t ed  f o r  cav i t a t ion  incept ion over a 
range of Reynolds numbers from about 0.4 x l o b  t o  1.5 x 106. 
t e s t ed  were p la in  Cavi je ta ,  Cavi je ta  with centerbody, vaned Cavi je ta ,  
passively "pulsed': Cavi je ta  , and a Smith Tool nozzle; The inc ip i en t  cavi- 
t a t i o n  number ranged from (I = 0.3 t o  1 .3 ,  where the ai  value depends on 

and a u r a l  de tec t ion  of cav i t a t ion  incept ion gave comparable r e s u l t s ,  but 
these u values  were roughly 0.3 below the  value tha t  was sensed e l ec t ron i -  
cal ly .  In  the l a t te r  case, c a v i t a t i o n  w a s  disclosed by in t e rmi t t en t  bu r s t s  
of h igkf requency  pressure f luc tua t ions  g rea t e r  thm 10 kHz, which were 
seen as osci l loscope traces from a p iezoe lec t r i c  pressure transducer (PT) 
t h a t  i s  located i n  the  w a l l  of '  the  HPC. 
f luc tua t ions  sensed by the  transducer rises t o  between 0.69 and 6.9 kPa 
(0.1 and 1.0 p s i ) ,  nus, when the  onset of cav i t a t ion  is f i r s t  perceived by 
the  naked eye o r  by ear. 

The types 

. the nozzle type, the  Reynolh number, and the  means of detect ion.  Visual  

i 

The i n t e n s i t y  of the  pressure 

A t yp ica l  photograph of cav i t a t ion  bubbles viewed i n  the  HPC i s  shown 
i n  Figure 48. In  t h i s  view, a 6.9-mm (0.27-in.) diameter je t  is  impinging 
downward on a f l a t  surface t h a t  is normal t o  the  jet  axis and nominally 
22 mm (0.87 in.) from the o r i f i c e .  The je t  i s  shown a t  Reynolds number, 
R e  = 1.0 x l o b ,  and cav i t a t ion  number, u = Pa/kp = 0.25, i.e., somewhat 
below the values f o r  v i s u a l  ( incept ion)  perception, (I. = 0.35, and PT per- 
cep t ion ,  For t h i s  nozzle, the  incept ion o t  v i s i b l e  bubbles w a s  
observed 08 or  near the f l a t  sur face  and up t o  about 10 mm (0.39 in.) from 
the  jet  center l ine .  A t  the  lower c a v i t a t i o n  number shown i n  the  f igu re ,  
bubbles are seen t o  surround the  submerged je t  and t o  cover the  p l a t e  t o  
about a 20-mm (0.79-in.) radius.  

= 0.65. 

The assembly of a laser /photomul t ip l ie r  system, such as t h a t  used by 
Professor E l l i s  a t  UCSD, is i n  progress f o r  the o p t i c a l  de tec t ion  of 
c a v i t a t i o n  inception. The pr inc ipa l  p a r t s  of the  apparatus are ava i l ab le  
in-house. This instrumentatfon should prove more s e n s i t i v e  t o  c a v i t a t i o n  
incept ion  than au ra l /v i sua l  de tec t ion  and, unl ike acous t ic  transducer 
s igna l s ,  w i l l  not be a f f ec t ed  by l a rge  pressure f luc tua t ions  t h a t  are 
crea ted  by resonat ing,  pulsed nozzles. 
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CAVITATION CLOUD 
ON SURFACE 

,DYNAMIC PRESSURE = 5,5 kPa (800 :ps i )  
AMBI'ENT PRESSURE = 1.9 k P a  (200 p s i )  

FdCE DIAMETER = :6,9 mm (027 in.) 

Wgure 48. ' h v l l t a t h g  Jet  in ;the nydronautics HLgh-Pressure C e l l  



I n i t i a l  Rock Cut t ing  and F i n a l  Nozzle T e s t s  -- Nozzle designs ident i -  
f i e d  as improving je t  dynamics w i l l  be t e s t ed  f o r  t h e i r  rock-cutting ab i l -  
i t y .  This i nves t iga t ion  w i l l  cons i s t  of measuring the  dimensions of c u t s  
produced by the jets i n  both permeable and impermeable rock specimens. 

Due t o  the l imi ted  pump power ava i l ab le  a t  the  Hydronautics f a c i l i t y ,  
tests aga ins t  hard, impermeable rock, which r equ i r e  higher  nozzle pres- 
sures ,  must be conducted with l imi ted  flow rates, requir ing the  use of 
nozzles t h a t  are smaller than f u l l  s ize .  To ensure that the  s i z e  e f f e c t  
does not r a d i c a l l y  alter the r e s u l t s ,  tests w i l l  be conducted a t  DRL with 
higher nozzle pressures  and fu l l - s i ze  vers ions of the  designs t e s t ed  a t  
Hydronautics. By conducting the Hydronautics tests f i r s t ,  the  test matrix 
f o r  the DRL, tests can be optimized i n  order  t o  ob ta in  the  most usefu l  da ta  
i n  the  sho r t e s t  poss ib le  t i m e .  

I n  preparat ion f o r  these tests, inves t iga t ions  of techniques t o  cali- 
b ra t e  the erosion s t r eng th  of ind iv idua l  rock specimens are being made. It 
is  an t i c ipa t ed  t h a t  l i n e a r  ke r f s  on the specimens' sur face(s )  t h a t  are c u t  
with a je t  a t  standard condi t ions of pressure,  t r a n s l a t i o n  rate, etc., w i l l  
se rve  as a c a l i b r a t i o n  standard. Preliminary cu t s  i n  Berea sandstone spec- 
imens have shown t h a t  the  var iance i n  pene t ra t ion  depth i s  less f o r  c u t s  
made with the jet axis normal t o  the bedding planes than f o r  c u t s  made with 
the axis across  the  bedding planes o r  i n  rough alignment with the  planes. 
Hence, holes  w i l l  be cu t  i n  "cal ibrated" sandstone with jets normal t o  the  
bedding plane i n  order  t o  minimize the  standard devia t ion  of f u t u r e  mea- 
surements with regard t o  jet e ros iv i ty .  

Eighty 15.24-cm ( b i n . )  cubes of Berea sandstone have been obtained 
f o r  tests i n  the HPC. Holes w i l l  be made with the  je t  normal t o  the  bed- 
ding plane,  so that using j u s t  two faces  of a cube w i l l  permit e igh t  test 
holes  t o  be made per specimen. 

Some information on specimen uniformity has been developed from re- 
p e t i t i v e  tests on two sandstone specimen faces.  Four holes  were made with 
each of two d i f f e r e n t  2.18-mm (0.086-in.) diameter nozzles i n  the  two 
faces. Hole depth and volume were measured a f t e r  2, 4, 6, 9, and 12 sec- 
onds of jet  d r i l l i n g  under submerged condi t ions with a = 0.105 and a driv- 
ing pressure of 6.895 kPa (1000 psig).  
l i g h t e r  i n  color  and more porous than the others .  

One sample was observed t o  be 

Discounting d i f fe rences  i n  e ros ion  due t o  the  nozzles,  one nozzle be- 
ing of a resonant pulsing design, the va r i a t ions  i n  depth and volume t h a t  
are a t t r i b u t a b l e  t o  specimen nolruniformity and gest r e p e a t a b i l i t y  are 
summarized i n  Table 24 f o r  a 9-second d r i l l i n g .  

The holes  made i n  the dark specimen were more uniform than those made 
i n  the  l i g h t  specimen, but there  was a s i g n i f i c a n t l y  g r e a t e r  d i f f e rence  i n  
holes  between the  two specimens than was shown f o r  holes  within each speci-  
men. The d i f f e rence  i n  r e s u l t s  between specimens was p a r t i c u l a r l y  notable  
with regard t o  the  volume of material removed, because the  volume removal 
rate was near ly  50% grea t e r  i n  the l ight-colored specimen. 
t o  "ca l ib ra t e"  the specimens t o  account f o r  va r i a t ions  i n  e r o s i v i t y  is 
manifest. 

Hence, the  need 

Even with c a l i b r a t i o n ,  the va r i a t ion  within specimens may not be 
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Sandstone 
Specimen 

Dark 
Light 

Table 24 

Variat ions i n  Depth and Volume 

and Test Repeatabi l i ty  
t a b l e  t o  Specimen Non-Uniformity 

Mean Volume Mean Depth 

cm3 (in.') Deviation, % mm (in.)  Deviation, % 

10.6 (6.5) 17 17.3 (0.68) 14 

Standard Standard 

7.2 (4.4) 8 14.2 (0.56) 5 

accounted f o r  completely. Thus, r e p l i c a t i v e  tests may be necessary t o  
reduce confidence in t e rva l s .  

The fluid-dynamics s tud ie s ,  along with the i n i t a l  rock cu t t i ng  and 
f i n a l  nozzle tests, w i l l  provide data  on the  inc ip i en t  cav i t a t ion  number 
and on rock-cutting e f fec t iveness  aga ins t  representa t ive  permeable and 
impermeable rock t y p e s  f o r  each nozzle design tes ted.  Analysis of t he  
r e s u l t s  should iden t i fy  nozzle design changes t h a t  s i g n i f i c a n t l y  improve 
c u t t i n g  a b i l i t y  a t  depth, with the  goal being the  i d e n t i f i c a t i o n  of one o r  
s eve ra l  nozzle designs tha t  incorporate  an optimum combination of these 
changes . 

Nozzle Charac te r iza t ion  Tests -- The cu t t ing  a b i l i t y  of the  nozzle 
designs se lec ted  from the previous t e s t s  w i l l  then be character ized com- 
p l e t e l y  i n  these tests. 
f i n a l  considerat ion w i l l  be t e s t ed  aga ins t  severa l  rock types a t  var ious 
values  of cav i t a t ion  number and Reynolds number. 
f o r  these tests w i l l  be those which are l i k e l y  t o  be encountered i n  geo- 
thermal environments and which have not been previously t e s t ed  but have 
characteristics d i f f e r e n t  from those tested i n  the  i n i t i a l  rock c u t t i n g  and 
f i n a l  nozzle tests. 

Several  nozzle s i z e s  of each design selected f o r  

The rock types se lec ted  

Fluid-Dynamic S tud ie s  -- The dynamics of jets produced by the  se lec ted  
nozzle designs w i l l  a l s o  be s tudied fu r the r  a t  UCSD. High-speed motion 
photography w i l l  be used t o  study jet s t r u c t u r e s  and determine pe r iod ic i ty  
of vortex shedding and cavi ty  formation. 
and c a v i t a t i o n  i n t e n s i t i e s  w i l l  a l s o  be measured i n  order t o  charac te r ize  
more f u l l y  the  a b i l i t y  of the  jets t o  c a v i t a t e  under pressure. 

Transient jet-impact pressures  

B i t  Test - Conventional mechanical b i t s  w i l l  be t e s t ed  under ident i -  
c a l  simulated downhole condi t ions both with conventional and Cavijetm - 
nozzles. The purpose of these tests is t o  assess the e f f e c t s  on penetra- 
t i o n  rate of s u b s t i t u t i n g  improved CavijetB nozzles f o r  the  conventional 

flow rates and pressures  w i l l  be used i n  these tests. The' rock types w i l l  
be those l i k e l y  t o  be encountered i n  geothermal d r i l l i n g .  It is  an t i c i -  
pated t h a t  diamond and/or Stratapaxm b i t s  w i l l  be employed i n  these tests. 

c nozzles normally used i n  the f i e l d .  Conventional, cu r ren t ly  ava i l ab le  mud 

W 
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If the above tasks demonstrate the superiority of improved Cavi jet@ 
nozzles over conventional nozzles, the result of this program will be the 
development of cavitating nozzle designs that significantly improve the 
performance of conventional drill bits while still using conventional 
pumping systems and drilling practices. Such a development would have the 
potential for creating rapid commercialization and extensive employment of 
the superior nozzles, because there would be essentially no additional 
capital, maintenance, or special manpower requirements to restrict their 
use. 

L 
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.. Polycrystalline Diamond Compact Drag Bits for Geothermal Use, SAND79-1836J, 
S .  G. Varnado, C. F. Huff, and P. Yarrington, Sandia Laboratories, World 
- Oil, March 1980, pp 63-70. 

The Development of New Technology for Drilling and Completing Geothermal 
Wells. SAND80-0832A. by S. G. Varnado. Sandia Laboratories. to the GRC 

I -  

Drilling School, Albuquerque, New Mexico, 24-26 March 19801 

The Development of New Technology for Drilling and Completing Geothermal 
Wells, SAND80-0832A, by S. G. Varnado, Sandia Laboratories, to the Semi- 
nars at the Ministry of Works and the.Kingston, Reynolds, Thom, 
Allardice, Co., Wairakei-Auckland, New Zealand, 14-18 April. 1980. 

Considerations in the Use of Water Jets To Enlarge Deep Submerged Cavities, 
SAND80-7031, by D. A. Summers and Z. Sebastian, University of Missouri, 
to the 5th International Jet Cutting Symposium of the British Hydraulics 
Research Association, Hanover, West Germany, Sandia Contract No. 13-2346, 
5-7 June 1980. 

The Fluid Dynamics of Submerged Cavitating Jet Drilling, SAND80-7032, by 
Andrew F. Conn and Virgil E. Johnson, Jr., Hydronautics, Inc., to the 5th 
International Jet Cutting Symposium of the British Hydraulics Research 
Association, Hanover, West Germany, Sandia Contract No. 13-5129, 5-7 June 
1980. 
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MODIFICATIONS TO GEOTEMP: DOCUMENTATION 

GEOTEMP Modifications 

The modifications to the single-phase GEOTEMP code have been com- 
pleted. 
ities : 

These modifications give GEOTEMP the following additional capabil- 

1. Variable tubing flow areas, 
2. 
3. Deviated wellbores. 

Multiple fluids in the wellbore separated by interfaces, and 

A series of test cases were devised to test the modifications, and base 
cases from the GEOTEMP user's manual were rerun to verify the modified 
code. 

To handle these added capabilities, the input and output formats have 
been modified, and to illustrate these changes, a sample problem has been 
run that incorporates all of the input and output modifications. 
B-1 shows the input data for this example. 
original GEOTEMP input data is the CONTROL card shown on line 52. This 
control card allows the user to specify 

Figure 
The first change from the 

1. The number of tubing sizes in the well, 
2. The number of casing sizes in the well, and 
3. The number of fluid types to be used in the analysis. 

In the example, two tubing sizes, four casing sizes, and two fluids have 
been indicated. 
TUBING card has the same general format as the'CASING card but with 
slightly different interpretations. First, the tubing sizes are numbered 
consecutively from the top of the well to the bottom. With casing cards, 
the casings are numbered from the smallest to the largest. The setting 
depth defines the bottom of the interval of tubing, with the top of the 
interval defined by either the previous interval or the surface. In the 
output, the top and base of the tubing interval are printed based on this 
criterion. 

Lines 53 and 54 show the new TUBING card input. The 

GEOMETRY card. This card replaces 
the BOREHOLE card OTEMP program. The GEOTEMP card 
carries the following data: 

c 
1. Initial d except when simulating 

W 2. Total meas 

4 .  Depth at which well is deviated, and 
W 5. Borehole diameter. 



N 
.P 
N 

SO GEOTEMP2 T E S T  DATA : I N J E C T I O N  
52 CONTROL CARD L 4 L 

53 TUBING CARD 
5 4  TlJBING CHRD 
55 C A S I N G  CARD 
56 C A S I N G  CARD 
57 C H S I N G  CARD 
59 C R S I N G  CfiRII 
59 GEOMETRY CARD 
6 0 I N I T 1 AL TEMPERATURE 
61 F L U I D  CARD 
62 F L U I D  CARD 
63 I N I T I A L  F L U I D  
64 CHANGE CARD 
.65 CHANGE CARD 

3 3 

Figure B-1. Input Data for Sample Problem 
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I n  t h i s  example, the  w e l l  deviates  30' at  a depth of 2000 f e e t ,  r e su l t i ng  
i n  a t r u e  depth of 4500 f e e t  and a wellbore length of 5000 fee t .  

The input of f l u i d  proper t ies  is changed from the  o r i g i n a l  GEOTEMP 
through a new card,  the  FLUID card. 
spec i f ied  by i d e n t i f i c a t i o n  numbers. 
CARD f o r  f l u i d  number 1. The e n t r i e s  on t h i s  card are 

e f l u i d s  i n  the-wellbore are now 
xample, l i n e  61 gives the  FLUID 

1. Fluid i d e n t i f i c a t i o n  (I.D.) number, 
2. Fluid dens i ty ,  
3. Plastic v i scos i ty ,  
4. Yield point ,  and 
5 b  User-specif i e  'or comment .I 
The next new card ~ duced i s  the  INITIAL FLUID card. This card 

s p e c i f i e s  the i n i t i a l  state of the  wellbore before ca l cu la t ion  begins. The 
INITIAL FLUID contains  the  following information: 

1. I.D. number of f l u i d  i n i t i a l l y  i n  tubing and tubing annulus, 
2. , I o D o  number of secondary flow f l u i d ,  
3. I .D.  number of packer f l u i d  

I n l e t  temper 
Secondary f l o  

' The f i n a l  change rmat is a s l i g h t  modification to  the  
The new CHANGE card g ives  the  following information a t  each CHANGE card. 

time t o  change data:  

1. 
2. Secondary flow indica tor  (1-yes; 
3. I.D. number of f l u i d  in jec ted  o r  
4. Fluid i n l e t  temperature , 
5 . .  Fluid flow rate, and 
6. Time t o  change flow parameters. 

Figure B-2 is the  summary of the  input da ta  pr inted out 
The first  change is that  the tubing configurat ion is pr in ted  
from the casing program and t h a t  t 
pr inted r a the r  than the  ca 
w e l l  geometry information. wellbore d i a  
always pr in ted ,  but the de and t r u e  v e r t i c a l  
p r in ted  f o r  deviated wel l s  on wellbore f l u i d  propert  
revised t o  include the  f l u i d  I.D. 

Flow opt ion (same as old CHANGE card) ,  

second time i n t e r v a l  . 
c a p a b i l i t y  of the new v 
being in jec ted  i n t o  t 
s t ep ,  10.01 days, f l  
fee t .  A t  the  end of 
completely d isp lace  
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GE3TEMP2 TEST ISHTA : INJECTION 

T U B I N G  C D N , F I . G U R A T I O N  
TUBING I D 9  IN.  OD, IN .  TOPsFT. BFiSEpFT. CEMENTIFT. * 

1 3.355 4.500 0. 2000.  2 0 0 0 . 0  
2 1.953 2 . 5 0 0  ' 2000. 5000. 3000 .0  

C : H S I ! - i G  P R O G R H M  
CHS I Nr, ID ,  I N  OD9 IN DEPTH, FT CENENT INTERVAL, FT 

1 2.531 9.625 5000.  2200. 
2 12.347 13,370 3000. ,3200. 
3 19.124 20. 0 0 0  1 0 0 0 . 1 0 0 0 . 
4 2'3. 000 30.000 100. 100. 

!a E L L G E 0 !I E T R 'I' 
c - -  TOTFlL DEPTH= -1 1-1 1-1 0 . F T . 

!4!JTE: DEVIATED hlELL 
EOkE 'ISIAMETER= 40 .000  IN. 

DEPTH DF DEVI AT I ON= 2000. FT. 
TRIJE VERT I CAL IIEPTH= 4501:1. FT. 

! . J E L L B O R E  F L U I D  P R O P E R T I E S  

F L U I D  TYPE NO. 1 PHIMFiRY 

DENSITY= 10. 0 LB!l/GAL 
PLWZTIC '$ISCOSfTY= 15. CENTIPOISE 
YIELD F'OIXT= 5. LBF/100FT2 

C L t l I D  TYPE NO. 2 HNrjClLHH ' 

LtEt3SITP= 1 [I. 0 LEfi/GAL 
F L F E T I  C VI SCDS I TY= 15. CENT I P O I  SE 



V A R I A B L E S  A T T I M E =  . 0 0 0  D R Y S  
FLOIAING OPTION = IN.J5CTION 

FLIJID :: 1 INJECTED INTO TUBING 
F L U I D  :: 1 I N  WELL 

INLET TEMPERATURE = 70. F 
FLOW RRTE = io. sdLmiri 
TIME TO CHANGE DQTA = 10.000 ISA'fS 

Tl?E = 10.000 DAYS ITERATIONS = 1 

T E M P E R A T U R E  D I S T R I B U T I O N  

RAISIAL P O S I T I O N S ~  FEET 
DEPTHS F T  .0 -3 1.7 3.3 5.5 50. 0 

-0. 70.0 70.0 70.0 70.0 70.0 70.0 
2 0 0 .  70. 1 70.3 72.4 72.7 72.9 73.0 
3 0 0 .  70.4 
6 ::r [I . 70.3 73.2 1'3. 0 
3 0 0 . 71.6 74.4 30.3 82. Ct 82.6 33.1 

1 0 ct 0 . -3. I' c 5 75. s :33.s SS.  1 85.9 $5.4 
1 2 111 0 . 73. .5 77.7 c.- dh. 5 r. -3.5. c 1 83.1 39.3 
1 4 0 0 . 74.7 79.5 39.4 91.3 32.4 93.1 
1 5 [I 0 .  76. 1 P. D1.4 92.4 94.4 95.6 96.5 
1 3 I:I 0 . *'(. 6 83.3 95.3 97.6 95.9 49.3 
2 [I 0 I] . 79.3 $5.4 t- 93.2 1 [I CJ . 7 102.2 103.1 
2200. E: 0 . 3 90.2 1CIZ. 2 104.1 105.2 105.3 
2.200. 82.2 0 .-l 9k. 1 104.3 106.3 1 0 3  I 0 103.7 
ZStIO. 2 <. 2. 6 94.1 107.4 109.5 110.7 111.5 
2:s [I 0. :35.1 95.3 110.0 112.2 113.5 114.3 

117.1 3 [I [I 0 . 26.7 91'. 3 112.7 114.9 116.2 
c. 3; -. 0 0 . .-e j .3  . 3 lClrJ.5 115.0 117.5 113.9 119.9 
34l:rO. 0- 30.1 102.7 117.7 120. E 12l.i 122. i  

12Ct. 3 12:'2*9 124.5 125.5 2.30 0 . 
5: 8 Q 0 . 93.3 107. 1 1 2 3 .  [I 125.6 127.2 123.3 
4 111 0 0 . 95.7 109.4 125.6 133.4 130.0 131.0 
4 2 [I 0 . 97.6 111.7 lZ3.3 131.1 132.8 133.3 
4100. 99.6 114-0 130.9 133.8 135.5 136.6 
4~*JO€l. 1 0 1  .? 116.3 133.6 136.6 135.3 139.4 
4 :3 [I 0 * l'cl3.3 118.7 136.3 139.3 141.1 142.2 
5 1:I 0 0 . 105.4 121 . 0 13'3. 8 142.0 143.3 145.0 
5200. 147.3 147.3 147.5 147.3 147.3 147.5 

150.6 150.6 150.6 150.6 150.6 150.6 

76.4 
73.3 79.4 73.7 

- *  71.9 75.2 75.8 /e. 1 - 

__ 

c-. 

91.3 104. I? r. .- 

a 5400. 

i Figure B-3. Output of the F i r s t  Calculation Time Interval 



10.000 DAYS n * E T  V H R I A B L E S  A T T I M E =  
FLOU I N 5  3PT I-Of1 = I N JECT I ON 

F L U I D  :: 2 INJECTED INTO TUBING 
F L U I D  :: 1 I N  lJELL 

INLET TEMPERHTURE = 70. F 
FLOW RATE = 100. 5 A L 4 l I N  
TIME TO CHANGE DATA = 2 0 . 0 0 0  DAYS 

F L U I D S  I N  WELL UPDATED AT TIME= 10.010 DRYS 
FLIJIDS I N  TUBING 

F L U I D  :: 2 FROM 0. FT. TO 3034. FT. 
F L U I D  :: 1 FROM 3054. FT. TO 5 0 0 0 .  FT. 

F L U I D  :: 1 FROM 0. FT. TO 5000. FT. 
FLU1  US I N  ANNULUS 

F L U I D S  I N  WELL UPDRTED AT TIME= 10.060 DRYS 
FLUIDS, I N  TUBING 

F L U I D  :: 2 FROM 0. FT. TO 500Ci. FT. 

F L l J I D  :: 1 FROM 0. FT. TO 5000. FT. 
F L U I D S  I N  ANNULUS 

TI!IE = 20-  000 ISHYS ITERRTION3 = 

T E M P E R H T U R E  ~ I ~ T R I B ~ T I U ~ ~  

R m  I AL PUS I T I DNS FEET 
DEPTH, F T  .0 .3 1.7 3.3 5.5 

70.0 
70.0 
7 [I. 0 
7 0 .  : 
70. E 
70. 3 
70.4 
70.5 
1.0.7 
70.3 
71.1 
71.3 
71.5 
71.7 
71.3 
(2. 1 
i c - 4  
,,i. 6 
72.4 
73.2 
73.5 
73.3 
74. 2 
74.5 
74.9 
f 2.2 

1 4 7 . 3  
150.6  

- 

-c 

-c) 

-c 

-I= 

70.0 
70.7 
71.5 
5 L. 3 
73.0 
73.7 
74.3 
(-6.7 
76.6 
f i . 5  
,.. *' . 0 
83.7 
54.3 
$5.9 
:ss. 3 
83.1 
90.1 
91.4 
92.6 
3, .  3 
95.1 
95.3 
37.6 
9.3.3 

1 I:ICI. 1 
101.4 
147.3 
150.5 

-zr, 

-r 

-- -- 

rc) 

70.0 
dd.  3 
74.9 
( i . 5  
so. 1 
52.9 
35.3 
57.3 
90 .5  
-33.2 
"4.3 

1 Q 0. 1 
102.5 
104.3  
107.3 
109. i, 
111.6 
114.0 
116.3 
113.7 
121.1 
123.5 
125.9 
12'3.2 
130.6 
t 3 ? * 0  
147.5 
150.6 

-c 

-- 
70. 0 
72.6 
< J. 5 
73. 4 
51.4 
84.4 
:37.2 
90.2 
93.1 
95.1 
9 3 . 5  

lii;2. 7 
1 155. 2 
107.3 
110.4 
113.0 
115.3 
117.9 
120.4 
123. 0 
125.6 
12:s. 2 
130.7 
133.3 
135.9 
133.5 
147.3 
1 5 0; 6 

-I= 
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Figure B-4. Output of the Second Time Interval 

3 
1 
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9'3.3 
103.1 
105.9 
103.7 
111.5 
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117.1 
119.9 
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12'3.3 
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ability to change the .wellbore fluid at any time* is an especially -useful b/ consequence of tbe programts multiple fluid feature, Far example, a . 

accommodated. 

Test Cases 

2000 feet to 5000 feet" * 

able above 20 

model at 3000 

* 

* 

W 



0 

TEMPERATURE, "F 

Figure.B-5. Multiple Tubing Area Test: I n j e c t i o n  
Tubing Fluid Predic ted  Temperatures 



TUBING 

4.5-in.: 0 t o  3000 f t  
2.5-in.: 3000 t o  5000 ft 

FLOW RATE: 10 gal/min 

BOTTOMHOLE TEMPERATURE : 145 "F 

0 MULTIPLE TUBING AREA MODEL 

0 STACKED S INGLE TUBING AREA 
MODEL 

.o 

Figure B-6. Multiple Tubing Area Test: Production Fluid Exit 
Temperatures 



The last case run tested the multiple fluid capability of the program. 
Water was circulated in the wellbore for 30 days, and then two shut-in 
cases were studied: 

Water in tubing and annulus and 
Water in tubing, cement in the annulus. 

1. 
2. 

The expected results were that the initial temperatures would be equal, 
that the temperature of the water in the annulus would rise faster than in 
the cement annulus, and that, long term, the temperatures would be equal. 
Figure B-7 shows the expected short-term results, and Figure B-8 shows the 
expected long-term results. The output from these test cases is included 
in Appendix 5? of the documentation. 

Program Modifications 

Four new subroutines and internal modifications of existing subrou- 
tines were necessary to accomplish the Task 1 modifications. 
new subroutines were added: 

The following 

FUNCTION KTUBE 
This function subroutine determines the tubing interval, given the 
depth. 

SUBROUTINE UPFLOW 
This subroutine 
volume of fluid 

SUBROUTINE DWNFLO 
This subroutine 
volume of fluid 

SUBROUTINE FDROP 
This subroutine 
Val and returns 

circulates fluid interfaces upward, given the 
produced or circulated. 

circulates fluid interfaces downward, given the 
injected. 

determines the fluid types in a given depth inter- 
the appropriate fluid properties. 

The main program and subroutines READ, PROP, GRID, COND, COEF, and 
WELL have internal modifications. A complete listing of the modified 
program is included in Appendix 1 of the documentation. The interface 
subroutines UPFLOW and DWNFLO were extensively tested before incorporation 
into GEOTEMP. These test results are included in Appendix 6 of the docu- 
mentation. 

250 

. 



i 
12 

12 
I 

DAYS AFTER SHUT-IN 

' ,  

1 ,  

_ .  . 

251 



" .  
130) I I I  I 1 I 1 1 1 1  I I I I I 1  1 1  

! ,  

12 

I 

126 

1211 

12; 

121 

11 

11 

I 



APPENDIX C 

Compressible Flow Model 
Proposed for GEOTEMP 





, .  u 

PROPOSED FOR GEOTEMP 
4 ,  

i~ 

The so lu t ion  of a f l u i d  flow problem requires  the  so lu t ion  of three 
balance laws: 
p r e s s i b i l i t y  f o r  the  fAowing f lu id ;  the  o r i g i n a l  GEQTEMP only had t o  solve 
the  balance of energy equation and a s impl i f ied  vers ion of conservation of 
mass. The formulation of a compressible flow version of GEOTEMP, however, 
w i l l  r equi re  so ly t ion  of a l l  of the  balance equations. 

balance of mass, momentum, and energy. By assuming incom- 

Several  simplifying assumptions w i l l  b 

1. One-dimensional flow. 
2. 
3. Transient heat t ransfer .  

compressible flow problem: 

No i ne r t i a l  e f f e c t s  -- steady flow. 

GEOTEMP thermal simulator w i l l  be used t o  so e the  energy equation 
with only s l i g h t  modifications,  and a f l u i d  flow imulator w i l l  be added t o  
so lve  the mass and momentum equations. . The simu t o r s  dl1 +e used sequen- 
t i a l l y ,  r a the r  than simultaneously, t o  solve the  ove ra l l  flow-heat t r a n s f e r  

where flow parameters are updated a t  each. t i m e  \st 

e necessary, 

choked flow and s t a t i o n a t y  shacks. 

5 



This report will be concerned with Step 1. 

The wellbore considered for Step 1 consists of a constant area an- 

Figure C-1 illustrates a typical cell, with flow 

The entering parameters are assumed to be known, and 

nulus. 
the cells in GEOTEMP. 
entering the cell with parameters P1, Vi, Pi, T i  and leaving with param- 
eters pz, V2, P2, T2. 
the exit values are to be determined from the solution of the momentum 
equations: 

The tubing and annulus are subdivided into cells corresponding to 

Subject to mass conservation: 
1 ,  5 

P I V 1 = P  V = G  2 2  

where 

. f' = the Darcy friction factor 
G = the mass flow rate density 
P = pressure 
P = density 
D = the hydraulic diameter 
V = fluid velocity. 

entum equation 'in this form, with temperature distribution given, is 
a non-linear integral equation. Rather than solving for the exact form of 
V(z), which cannot be done in general because of the non-linear nature of 
the equation, an approximate form of V(z) with arbitrary coefficients will 
be used, with the coefficients optimized to give the best approximation to 
the momentum equation. 
useful choice of arbitrary coefficient, is 

An obvious choice for V(z), with a particularly 

where V 2  is the coefficient to be determined. 
tum equation gives 

Applying V(z) to the momen- 

G " + 1/2 6 If (V, T, P) [VI 
, 
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where 5 = (z  - z1)/(z2 - zl) . 
1 

Assuming a fairly small variation in V, T, and p ,  we can set f 
evaluated at VI, TI, p1. 

constant, 
We can now perform the integration 

I 

If’ V(z) dz = 1/2 f (V2 + V1) A Z . 
The gravity term can be integrated to 

~ , .. . . . . , . . . . . . 

In (2) . A z  IV(z)sl dZ = - AV 
v1 

. _  
If we further assume that V2 is very nearly equal t 
following approximate equation for V2: 

I /  

V1, we can wri-e the 

+ 1/2 pllg COS 0 A z  (3 - V2/V1) - 0 .  

For an ideal gas or a fairly constant compressibility factor over the range 
p1, T1 to p2: j -4 ’~ ,  the above equation becomes a quadratic equation in V2. 
Otherwise, a numerical method such as quasi-linearization will be 
necessary . 

Assuming the gas is exhausted to ambient temperature and pressure at a 
given mass flow rate, the momentum equation is then solved cell by cell 
from the exhaust backwards to the inlet. Where the flow changes from 
annulus to tubing, an adiabatic flow assumption will be used until Step 4 
is implemented. The results of this computation will be the flowing 
parameters in each cell plus the inlet pressure, so an additional use for 
this program is to size compressors for air drilling rigs. 
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APPENDIX D 

Revised GEOTEMP Code Input Data Format 
To Allow Variable Tubing Areas 
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REVISED GEOTEMP CODE INPUT DATA FORMAT 
TO ALLOW VARIABLE TUBING AREAS 

11. Input Data 

11-1 Introduct ion 

A necessary beginning f o r  a thermal simulation is a complete def in i -  
t i o n  of the geometry of the  w e l l  t o  be modeled. Casings, tubing, and d r i l l  
p i p e  are a l l  defined by specifying the in s ide  and outs ide diarneters and the  
s e t t i n g  depth. 
each casing. 

I n  addi t ion,  the  cement i n t e r v a l  length is  spec i f ied  f o r  

A tubing s t r i n g ,  with as many as 10 i n t e r v a l s ,  where d i f f e r e n t  tubing 
dimensions can be spec i f ied ,  is described f o r  the  w e l l .  
casing s t r i n g s  outs ide  the tubing can be s ec i f i ed .  Tubing i n t e r v a l s  are 
numbered from the top t o  the  bottom of the  well.. Casing s t r i n g s  are num- 
bered from the  in s ide  (smallest diameter) 
e t e r ) .  Figure D-1 i l l u s t r a t e s  a completed w e l l  modeled f o r  i n j e c t i o n  with 
one uniform tubing s t r i n g  and four casing s t r ings .  
depth f o r  each casing s t r i n g  must be less than tha t  f o r  the  s t r i n g  immedi- 
a t e l y  i n t e r i o r  t o  i t ,  i.e., 
those in s ide  it. The th s ,  however, may be f r ee ly  specif ied.  

A s  many as four  

0 the  outs ide ( l a r g e s t  diam- 

Note t h a t  the  s e t t i n g  

u t e r  casing s t r i n g  i s  always sho r t e r  than 

Fluid proper t ies  are s p  i ed  f o r  the  primary flowing f l u i d s ,  second- 
a ry  flowing f l u i d ,  and the  annular f l u i d  between casings. 
defined by three  propert ies :  dens i ty ,  p l a s t i c  viscosity, and yield point. 
The s p e c i f i c  heat capaci ty  and thermal conductivity f o r  each f l u i d  are 
computed from the  density.  This computation, and the use of the v i scos i ty  
parameters, are discussed i n  d e t a i l  i n  Sections I of the  Pa r t  I 
report .  

Each f l u i d  i s  

Other data  defined as input t o  the  c e l l  dimensions, ’ 
temperatures, and flow rates. The i n i t i a l  and final ho 
f ined ,  as  is the  sur face  borehole diameter. The i n i t i  f i n a l  hole 
depths are i d e n t i c a l  f o r  production, i n j ec t ion ,  and c i  
f o r  d r i l l i n g ,  the i n i t i a l  depth may be zero and the t o  
of f ee t .  It is  possible  t o  analyze resumption of 
i n i t i a l  depth at some point downhole and est imat ing the  downhole tempera- 
tu res  a t  the t i m e  of resuming d r i l l i n g .  

- 

- For deviated wells, additional information is  needed: 1)  the  depth a t  
which the  w e l l  is  deviated and 2) the  measured v e r t i c a l  depth. 
hole  depth noted above is in te rpre ted  t o  mean the  t rue  v e r t i c a l  depth. 

The f i n a l  

. - ;  
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An initial temperature distribution in the well and surrounding soil 
is specified. The goethermal gradients are approximated with two con- 
stants, which yields a temperature distribution like that given in Figure 
D-2. Two linear temperature.functions are computed from the surface tem- 
perature, the bottomhole temperature, and an intermediate temperature and 
depth. This temperature distribution is used to set the initial distribu- 
tion, the surface boundary temperatures and boundary temperatures 400 feet 
below the bottomhole depth, and the downhole boundary temperatures at.the 
maximum radius. 

Inlet fluid temperatures and flow rates are specified. 
lation, it is possible to account for fluid influx at the bottom of the 
hole. 
for this secondary fluid independent of the circulation. 
for the primary flowing fluid are allowed to change at any time and as 
often as necessary. 
the fallowing : 

1. Injection, 
2. Production, 
3. Forward circulation, and 
4 .  Reverse circulation. 

During circu- 

Fluid properties, inlet temperture, and flow rate may all be defined 
The parameters 

A flowing option is specified at each change as one of 

Also needed are the inlet temperature, volume flow rate, and fluid type. 
Each of these variables is held constant through every time step until the 
next change occurs at a specified time. 

Drilling requires additional input information but uses essentially 
the same format. In addition to flow direction, inlet temperature, and 
flow rate, drilling requires the depth to which the well is drilled under 
these conditions and the number of hours per day that fluid is circulated. 
All of these variables may be changed at any specified time. Based on this 
information, a drilling rate is computed for the period each day during 
which fluid is circulated. Of course, depth does not change with time 
during the shut-in period of a day. 

Thermal properties for all solid materials are defined in the program. 
The solids that are modeled in the computer code are 

1. Cement, 
2. S o i l ,  and 
3, Steel. 

Although several types of each material exist, the thermal properties are 
. not expected to vary significantly between types and are therefore not part 
of the input data. Of course, for several applications, a user may enter 
the program to redefine thermal properties for solids. The three thermal 
properttes needed are 

1. Density, 
2- Specific heat capacity, and . 

- 

- conductivity. 

W 
These properties are discussed in more detail in Section IV-4 of the Part I 
report. The quantities presently emproyed by the thermal simulator are 
listed in Table 11-1 in the documentation, 
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11-2 Data Formats 

This section describes in detail how to input data to the model. The 
format for each card is specified, and the variables on the card are de- 
fined. 

TITLE CARD: 

This card allows any title to be printed on columns 1-80. Format 
( 20A4) 

Columns 1-80 Title 

CONTROL PARAMETERS CARD: 

This card inputs parameters necessary to specify the problem. Format 
(20X, 315) 

Columns 21-25 Number of tubing intervals 
26-30 Number of casing strings 
31-35 Number of distinct fluids to be considered (i.e., pri- 

mary, secondary, annular, etc.) 

TUBING SPECIFICATION CARDS: 

Each card defines an interval of tubing. Intervals are numbered con- 
secutively from the top of the well to the bottom. Format (20X, 15, 
4E10.0) 

Columns 21-25 Tubing interval # 
26-35 Tubing inside diameter, inches 
36-45 Tubing outside diameter, inches 
46-55 Bottom of interval, feet 
56-65 Length of cement or annulus fluid outside tubing, feet. 

CASING SPECIFICATION CARDS: 

Each of these cards defi string of pipe in the well; the order of 

ation (1.D.) number (tubing not 



--. 

41-50 True vertical depth, feet 
51-60 Depth of well deviation, feet 
61-70 Borehole diameter, inches 

(outside last casing outside diameter and cement). 
1 

Initial and total measured depth are equal for applications other than 
dr ill ing . 

INITIAL TEMPERATURES CARD: 

This card defines the initial and boundary temperatures in the well 
and soil. Format (20X, 4F10.0) -. 

Columns 21-30 Surface temperature, OF 
31-40 Bottomhole temperature, OF 
41-50 Intermediate temperature, OF 
51-60 Intermediate depth corresponding to temperature in 

columns 41-50, feet. 

FLUID PROPERTIES CARD : 

This card has the fluid properties as measured at 70°F. 
15, 3F10.0, 6A4) 

Columns 21-25 Fluid I.D. number 

Format (20X, 

26-35 Density, lb/ft3 
36-45 Plastic viscosity, centipoise 
46-55 Yield point, lbf/100 ft2 
56-79 

INITIAL FLUID PARAMETERS CARD: 

Name of fluid or note of your choice. 

This card identifies the primary flowing fluid, the secondary flowing 
fluid, and the annular fluid; the secondary fluid flow rate; and the 
secondary fluid inlet temperature. Format (20X, 315, 2F10.0) 

Columns 21-25 Primary fluid I.D. number 
26-30 Secondary fluid I.D. number 
31-35 Annular fluid I.D. number 
36-45 Secondary fluid inlet temperature, OF 
46-55 Secondary fluid flow rate, gal/min. 

CHANGING FLOW PARAMETERS CARD: 

This card contains flow parameters that are allowed to change at any 
time during a simulation. 
Format (20X, 312, 5F10.0) 

As many cards as needed may be used. 

Columns 20-21 Flowing option selector 
1 = injection 
2 = production 
3 = forward circulation 
4 = reverse circulation 

LJ 

cc 
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22-23 Secondary flow option 
0 5 no flow 
1 = secondary flow 

24-25 Primary fluid I .D .  number 
26-35 Primary fluid inlet temperature, O F  
36-45 
46-55 
56-65 

66-75 

Primary fluid volume flow rate, gal/min 
Time to read next card for change of variables, days 
Hole depth at time to change variables, feet, (drilling 

Circulation time per day, hours (drilling only). 
only 1 

2 6 7,2 68  





APPENJIIX E 

269,270 



b 

4 

, 



u 
i 

4 

REPORT ON PERCUSSION DRILLING TESTS 

In t roduct ion  

This repor t  descr ibes  tests of percussion d r i l l i n g  t o o l s  which were 
The purpose of done a t  DRL, S a l t  Lake City,. Utah, during February 1980. 

the tests w a s  threefold:  (1) t o  compare the  penetrat ion rates of d i f f e r e n t  
hammers with each-other  and with conventional ro t a ry  d r i l l i n g ,  (2 )  t o  mea- 
su re  and compare the hammer pulses a t  normal and high temperatures, and (3) 
t o  e s t a b l i s h  hammer l i f e  and f a i l u r e  modes a t  high temperature. The qua l i -  
t a t i v e  r e s u l t s  were good f o r  ( l ) ,  poor f o r  (2 ) ,  and mixed f o r  (3); a de- 
s c r i p t i o n  of each pa r t  of the  t es t  follows. 

Rate of Penet ra t ion  (ROP) 

For the ROP measurements, two " o i l f i e l d "  hammers were rented and th ree  
" indus t r i a l "  hammers were bought. Both types func t ion  according t o  t h e  
p r inc ip l e  of a rec iproca t ing  p i s ton  s t r i k i n g  an a n v i l ,  but the o i l f i e l d  
t o o l s  are threaded t o  accept a conventional r o l l e r  b i t ,  while an i n d u s t r i a l  
t o o l  uses a one-piece s o l i d  b i t  with tungsten carbide in se r t s .  General de- 
s c r i p t i o n s  of the hammers are given i n  Table E-l. The Ingersoll-Rand (I -R)  
DHD 360 is  considerably smaller than the o ther  hammers because it is  de- 
signed t o  be used pr imari ly  with a 15.2- o r  16.5-cm (6- o r  6.5-in.) b i t .  
This hammer is ava i l ab le  with a 21.6-cm (8.5-in.) b i t ;  however, t h i s  com- 
b ina t ion  provides a performance comparison of a hammer t h a t  is  smaller than 
normal f o r  t h i s  s i z e  hole. 

The baseline for the comparison of hammer penetrar ion w a s  the  data 
from a Reed M-70, 20.0-cm (7.875-in0), i n s e r t  b i t  run without hammer over a 
range of weights on b i t  and.-rotary*speeds. These base l ine  da ta  are p lo t ted  
i n  Figure E-1. Each of the  hammers was then run i n  samples of t he  same 
grani te .  The o i l f i e l d  hammers used the same Reed b i t  as the base l ine  
tests, and each of the  i n d u s t r i a l  hammers used the  b i t  with which it w a s  
equipped by i ts  manufacturer. 

Because the mechanism of g l i g h t l y  d i f f e r e n t  f o r  the  
two types of hammers, the tes 
b i t s  used i n  the i n d u s t r i a l  h a m m e r s  are one-piece steel bodies with hemi- 
sphe r i ca l  tungsten carbide i n s e r t s  (Figure E-2). 
s t rong  i n  compression but n o t - i n  shear ,  so they can withstand heavy blows 
from the  hammer but  not high torque imposed by high weight on b i t  (WOB). 
The WOB was held constant  a t  22 241 N (5000 l b )  ( t h e  manufacturers'  approx- 
imate recommendation) f o r  a l l  t h ree  i n d u s t r i a l  hammers, and the  a i r  supply 
pressure and ro t a ry  speed were varied.  The i n s e r t s  i n  the r o l l e r  b i t  do 
not experience the  same kind of shear loading, so these  assemblies can be 
run a t  higher WOB values. For t h  oller-bit/hammer tests, the r o t a r y  

a r i a b l e s  were a l s o  s l i g h t l y  d i f f e ren t .  The 

The inserts are q u i t e  - 
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Hammer. , 

TRW - Mission 
A63-15 

TRW - Mission 
Hammerdr il 

I ng e r s o 11-Rand 
DHD 360 

Ingersoll-Rand 
DHD 2076 

EP ley 
D-2 

Hammer 
Diameter 
cm (in.) 

16.2 
(6.375) 

17.2 
(6.75) 

13.7 
(5.375) 

16.8 
(6.625) 

17.2 
(6.75) 

Table E-1 

General Descriptive Data on Hammers 

Bit 
Diameter 
cm (in.) 

(8.0) 

20.0 
(7.875) 

20.3 

21.6 
(8.5) 

20.0 
(7.875) 

20.3 
(8.0) 

Length 
with Bit 
cm (in.) 

159.9 
(60.2) 

129.5 
(51.0) 

144.8 
(57.0) 

Length 
without 
Bit Weight 

cm (in. kg (lb) 

139.7 159 
(55.0) (350 1 

177.8 259 
(70.0) (570) 

98 
(215) 

193.4 238 
(76.1) (525) 

145 
(320) 

Operating 
Air Pressure 

Range 
kPa (psi) 

690 to 1 724 
(100 to 250) 

690 t o  2 413 
(100 t o  350) 

1 034 to 2 413 
(150 to 350) 

690 to 1 724 
(100 to 250) 

Air Consumption at 
1 724 kPa (250 psi) 

(Blank Choke) 
m3/s (ft3/min) 
(standard) 

0.51 
(1 090) 

0.49 
(1 040) 

0.27 
(570) 

00  50 
(1 070) 



(L 

1.5 

10.7 
(35) 

9.1 
(30) 

- rpm 
100 v 
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Figure E-2. B i t s  Used i n  Industrial yammers: L e f t  to  Right-- 
Mission, Ingersoll-Rand, Epley 

4 

I 
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speed w a s  held constant at 45 rpm, and the  air  supply pressure and WOB w e r e  
varied.  
Figures E-3 and E-4. 

I n  general ,  the  behavior i l l u s t r a t e d  by the  curves is cons is ten t  with 

The rates of penetrat ion are p lo t t ed  f o r  d i f f e r e n t  condi t ions i n  

t h e o r e t i c a l  predict ions;  however, a f e w  anomalous points  should be d i s -  
cussed. Figure E-3 shows t h a t  the ROP of the  o i l f i e l d  hammers increased 
only s l i g h t l y  f o r  l a rge  increases  i n  b i t  weight. This r e s u l t  occurs 
because the  force  of the hammer blows is g rea t e r  than the  s teady b i t  
weight, and the  change i n  b i t  weight is small compared t o  the  t o t a l  fo rce  
of hammer blow plus  b i t  weight. 
manufacturers* recommendations t o  operate  the hammers with r e l a t i v e l y  l o w  
WOB. 

This behavior is a l s o  cons is ten t  with 

Large changes i n  ROP are seen i n  Figure E-3 when the pressure of the  
air  supply t o  the  hammers is increased. 
the  hammer-blow frequency and the  energy per blow are increased. 
assumed that the re  Is a s p e c i f i c  ene.rgy required i n  o,r.der to break a -gni t  
vo$<me ofs  rock, then: the ROP .shoutd :i.ncrease as the 3L2 power-of.. the  air  
pregsure; with one exception, the  cuqy-es i n  :F.&gure E-3.phow good agreement 
w i t h ’ t h i s  r a t io .  The exception is the  1836-kPa (275-psi) l i n e  f o r  the  I-R 

When the  pressure is ra i sed ,  both 
I f  i t  is  

. 

. 

hammer, which shows a lower ROP than does the 1379-kPa (200-psi) l i n e  f o r  
t he  same tool.  
explanat ion is  suggested by the  f a i l u r e  of t h i s  hammer i n  the  next phase of 
tes t ing .  When an a t tempt  was made t o  run the  I-R 2076 aga ins t  a load cell ,  
the  hammer would not opCrate. When apprised of the  problem, the hammer 
r e n t a l  company suggested t h a t  an i n t e r n a l  a i r  valve i n  the  hammer probably 
had malfunctioned. The hammer w a s  not disassembled t o  v e r i f y  t h i s  sugges- 
t i o n ,  but is is possible  t h a t ,  whatever f a i l u r e  mode w a s  involved, the  mode 
had already begun during the  1896-kPa (275-psi) ROP test. 

The average ROP of the  hammers at  1379 kPa (200-psi) and 88 964 N 

The reason f o r  t h i s  r e s u l t  is not known, but a t e n t a t i v e  

(20 000 l b )  WOB w a s  approximately 4.6 m/h (15 f t l h ) ;  t h i s  rate compares 
with a ROP of 1.5 m/h (5 f t / h )  f o r  the  same,b i t  run without percussion a t  
the same WOB and rotary speed. 

It is commonly s t a t e d  that ers reduce d r i l l  s t r i n g  v ib ra t ion  i n  
rough d r i l l i n g  conditions.  
h ighly  f au l t ed  formations t h a t  v e r i f i e $  t h i s  assumption, but  the  assumption 
is apparent ly  not t r u e  i n  competent rock such as the  g r a n i t e  samples used 
i n  these tests. Tables E-2 and E-3 show the  high-frequency va r i a t ions  i n  
torque and a x i a l  fo rce  measured by the  strain-gaged sub i n  &he DRL d r i l l  
s t r i ng .  I n  general ,  the  standard devia t ion  of each va r i ab le  is higher with 
the  hammer than without. This r e s u l t  seems reasonable f o r  t he  labora tory  
s i t u a t i o n ,  but fau l ted  formation and a longer,  more f l e x i b l e  d r i l l  s t r i n g  
might produce d i f f e r e n t  behavior. ’ 

There i s ’ cons ide rab le  f i e l d  experience i n  

* 

The penet ra t ion  rates of t h e  i n d u s t r i a l  hammers are shown i n  Figure 
E-4, p lo t t ed  as envelopes of operat ing conditions.  
pressure, pene t ra t ion  rates a t  d i f f e r e n t  ro t a ry  speeds are p lo t t ed ,  and 
curves are drawn through the  minimum and the  maximum points. This format 
provides an envelope €or each too l  t h a t  shows i ts  penetrat ion rate as wel l  
as its s e n s i t i v i t y  to  ro ta ry  speed. 

.. A t  each air  supply 

W 

275 



" 
w 
I- 

3.1 
s 

s 
E (10) 
I- 

I- 
W z 
W 
n 

1.5 
( 5 )  

STAN DA RD 
I I I I 

- 

- 

- - 

- M I S S I O N  HAMMERDRIL 
-0 INGERSOLL-RAND DHD 2076 

I I I I 0 

i 

WEIGHT ON B I T  (WOB), N ( l b )  

i 
I 

I Figure E - 3 .  Penetrat ion Rates of " O i l  Field" H a m m e r s  wi th  Reed 
1 20-cm (7.875-in.), K-70 B i t ;  Run a t  Varying A i r  - 
I 

Pressure and Weight on B i t ;  Roc 
Granite 

i 

1 

Lid 



3 . 1  
(10) 

0 
I 345 689 1 034 1 379 1 724 2 '068 2 413 

1 %  i 
I 
i 
i 
1 

(50) (100) (150) (200) (250) (300) (350) i 

A I R  SUPPLY PRESSURE, k P a  (psi ) 
I 

ates of Penetratio ; Operating 
Envelopes Show Variance in Rates of Penetration Over 
Range of Air Pressure and Rotary Speed; Rock--Sierra 

1 ' 6 )  I White Granite 

277 
I 



n
 

In
 

h
 

N
 

0
 

m
 

m 

v
 

4
 

- 3 3 N br 
h

 
rn 

v
 

4
 

C
 
0
 

h
 N

- 
9
0
 

m
Q

 

n
 

5 *I 3 
a

m
 

s
-4

 
W

 

n
 

U
N
 

I
u

l
 

h
N

 

x
)
U

 
4

w
 

\
\
 

a
n

 
r
?

N
 

m
-4

 
0
 

J
 

“E: v 

n
 

3
h

 
“
0
 

P
C

O
 

C
 

-
0
 

*
d
 

U
 

a 
.I4

 
3
 

c
) 
3
 

i 

N
h

 
r

n
J

 
9
 

a 
J

J
 

rn
 

\
 

U
 
a
 

a, 
u

 
L
 

8
 

U
 

E
 

H
 

h
 

3
 

P
 

I 
r
l 

r
d

u
 

h
 

h
 

A
 

n
 

U
 

.
.
 

N
O
.
 
u
o
 

co
o
 

a
0
 

u
o
 

-
0

 

u
a
 

U
.-

l 
W

 

278 



U 

Table E-3 

Comparison of Axial Force and Torque in the Drill String 
Operating with and without Hammer at Equal Rate of Penetration: 

5.5 m/h (18 ft/h) 

. 

M-70 without M-70 without 
Hammer Hammer 

Mission 
70 rpm ** 

133 447 N 
* Hammerdril (40 000 lb) (30 000 lb) * 

Axial 
Force 72 035/32 530 175 665/12 740 135 738/18 954 
N (lb) (16 194)/(7 313) (39 491)/(2 864) (30 515)/(4 261) 

Torque* 

( 1 bf of t ) 
Nom 1 199/350 1 969/365 1 196/258 

( 884 1 / (258 1 (882 I /  ( 190) 

* 
** Values = Linear Intercept/Standard Deviatio 

Nom'inal weight on bit 

279 



As Figure E-4 shows, the i n d u s t r i a l  hammers have considerably higher 
penetrat ion rates than do the  o i l f i e l d  hammers running a t  about the  same 
a i r  supply pressures and flow rates. This d i f f e rence  is primari ly  due t o  
the more e f f i c i e n t  t r a n s f e r  of energy from t h e  rec iproca t ing  p is ton  to  the  
rock through the s o l i d ,  one-piece d r i l l  b i t ,  I n  the  o i l f i e l d  hammer, the  
p is ton  blow is t ransmit ted t o  the  d r ive r  6ub, then through a threaded con- 
nect ion t o  the b i t  body, and f i n a l l y  through t h e - b i t  bearings t o  the cones. 
This.system is much less r i g i d  and therefore  less e f f i c i e n t  than the  s o l i d  
b i t  9 

It is also apparent t h a t  there  is a wide v a r i a t i o n  i n  penetrat ion rate 
with ro ta ry  speed f o r  some d r i l l i n g  conditions. 
cons is ten t ,  because the penetrat ion rate does not always increase with 
ro ta ry  speed. The reason f o r  t h i s  apparent inconsistency is not completely 
c l e a r ,  but is seems t o  be. a funct ion of the  penetrat ion per revolution, the  
angular spacing of the  gage carbides ,  and the  formation being d r i l l e d .  
Since gage carbide wear a l s o  va r i e s  with ro ta ry  speed, the  f i e l d  practice 
is t o  e s t a b l i s h  some speed t h a t  w i l l  g ive  an acceptable  compromise between 
gage wear and penetrat ion rate. 

The v a r i a t i o n  is a l s o  in- 

Figure E-lr a l s o  shows t h a t ,  cont ra ry  t o  the  pred ic t ion  of theory, the  
penetrat ion r a t e  of the  i n d u s t r i a l  hammers does not increase  as the 3/2 
power of the a i r  supply pressure. The penetrat ion rate, and blow f re -  
quency, below theo re t i ca l  values  are pr imari ly  caused by the  increasing 
back pressure a t  the p is ton  exhaust posit ion.  
by the a i r  passage through the  b i t  shank becomes more important as flow 
rate increases  and, therefore ,  raises the  pressure i n t o  which the  p is ton  
exhausts. The increased pressure reduces the amount of work which the  
p is ton  e x t r a c t s  from the a i r ,  and the  energy per blow is reduced. 

The flow r e s t r i c t i o n  imposed 

Figure E-5 i s  a comparison of the  pene t ra t ion  rates of t he  hammers a t  
a t h e o r e t i c a l  a i r  compressor horsepower. Assuming tha t  the  a i r  compressor 
i ne f f i c i enc ie s  are the same f o r  a l l  tests, the  pressure and flow r a t e  were 
used t o  ca l cu la t e  a theo re t i ca l  power a t  each test point. The curves then 
give some indica t ion  of how e f f i c i e n t l y  each hammer and b i t  transform the  
energy of the compressed a i r  i n t o  the  energy of breaking rock. 
curve f o r  the I-R 360 is inspected, th ree  things should be remembered: (1)  
there  may be an erroneous datum point t ha t  gives  the  curve a concave-upward 
shape; (2)  t h i s  hammer is ac tua l ly  designed f o r  a smaller  hole  than the  
o ther  i n d u s t r i a l  too ls ;  and (3) the  I-R 360 b i t  w a s  21.6 cm (8.5 in . )  
compared t o  20.3 CBI (8 in.) f o r  the  Mission and Epley too ls .  

When the  

Pulse Measurement Tests 

The objec t ives  of t h i s  pa r t  of the t e s t i n g  were t o  compare the  pulses 
of the  i n d u s t r i a l  and the  o i l f i e l d  hammers and t o  compare the  pulses  of the  
i n d u s t r i a l  hammers at high and a t  normal temperatures. These da ta  would 
have shown the  ac tua l  force  of the  blows del ivered t o  the  rock and would 
have shown whether the performance of the hammers changed s i g n i f i c a n t l y  a t  
high temperature. 

The test setup had a straln-gaged load cell  beneath the b i t  (Fig- 
ure  E-6) and accelerometers mounted on the b i t  head (Figure E-7). One 

. 

8 

* 

289 



4 
21.: 
(70: 

w 
I- 

d 

3.1 
(10) 

0 
0 

MISSIOI4 HAMMERDRIL 
I I I I I I 

AIR COMPRESSOR HORSEPOWER, kW (hp) 

Figure E-5. Penetration as a Function of Theoretical Air 
Compressor Horsepower 

281 



Figure E-6.  Load Cell Stack: Top to Bottom--Bit with Accelerometer, 
Adapter Plate, Water-cooled Extension, Load Cell 

i. . 



Figure E-7. Kistler 805A Mounting Block with 

c 



oilfield and two industrial hammers were run in this setup. The net re- 
sults were the destruction of two load cells and five accelerometers and 
the collection of essentially no useful data. The primary reason for this 
set of mishaps was the unexpected magnitude of the loads on the trans- 
ducers. These high loads were apparently caused by the dynamic separation 
of the bit and the load cell plate and their subsequent impact as they 
rebounded back together. Some of the broken accelerometers were rated for 
50 000 g service, so the loads imposed on them must have been considerably 
higher than that . 

In general, it appears that the data desired can be had by redesigning 
the test apparatus, but the value of the data does not now justify the time 
and expense. 

High-Temperature Tests 

The objectives of this part of the testing were to verify the high- 
temperature operation of the industrial hammers and to identify any failure 
modes unique to the high temperature. The test setup was similar to that 
for normal rock drilling, except that the drilling target was a cast-iron 
billet and the air supply was heated by passing the air through a gas-fired 
heat exchanger. An insulated sub and swivel were used above the hammer, an 
insulated exhaust can surrounded the bottom part of the hammer, and the in- 
line oiler was filled with high-temperature Pacer lubricant. The test plan 
was to operate the hammers for 8 hours at 
ments from 177" to 26OOC (350O to 500OF). t the end of each 8-hour opera- 
ting period, the air supply temperature would be cycled to ambient and back 
to hot, with the hammer off bottom, to simulate tripping. 

8°C (50°F) temperature incre- 

The first hammer tested was the Mission A63-15. The bit was placed 
against a cast-iron billet, and hot air that was passed through the hammer 
during a 1-hour period brought the A63-15 to 177OC (350OF). The rotary was 
then turned on, and the hammer was loa to close the bit and begin drill- 
ing while maintaining the hot air flo After about 4 minutes the hammer 
stopped; it was cooled by passing ambient air through it and was then dis- 
assembled. The Delrin foot valve in the top of the bit had shattered into 
approximately 10 pieces, causing the piston to stop reciprocating. 

The Ingersoll-Rand DHD 360 was tried next, assuming that, because it 
had a metal foot valve, it would last longer at high temperature. The same 
starting procedure was used, and the I-R tool drilled for approximately 3 
minutes before stopping. When the hammer was disassembled, the foot valve 
was found to be crushed and easily could be lifted out of the bit. Appar- 
ently the valve is held in place by some material which melted or softened 
enough to let the valve tube become misaligned and then be crushed by the 
pis ton. 

While the I-R test was being prepared, the DRL machine shop made an 
This aluminum (6061-T6) tube to replace the part in the Mission A63-15. 

part was installed in the bit and was retained in place by dimpling the 
aluminum tube into the groove inside the bit. The hammer was assembled and 
the test repeated; the hammer ran for 52 minutes before stopping. The 
problem was once again the foot valve. It apparently had fatigued, because 
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it  had parted c leanly  j u s t  at the  point where the  0.d. increased t o  form a 
posi t ioning f ea tu re  on the  tube. This problem may have been aggravated by 
a t o o l  mark on the  tube, because the  machined f i n i s h  was rough. 

A t  t h i s  point i n  the  t e s t ing ,  i t  w a s  concluded t h a t  p las t ic  p a r t s  were 
not usable at the  tes 
t i c  feed tube in s ide  the  pis ton as w e l l  as a p l a s t i c  foot  valve i n  the  b i t ,  
was not run a t  1 7 7 O C  (350°F). 

During each of the  high-temperature tests, the  air  temperature was 
measured a t  the hammer intake and exhaust. The exhaust a i r  became s i g n i f i -  
can t ly  cooler  once hammering began, and the  air  expansion i n  the p is ton  re- 
placed the  o r i f i c e  expansion of the  temperature soak period. 
produced expansion cooling of approximately 27 O C  (48'F), which' could be , 

s i g n i f i c a n t  i n  keeping the  operating temperature low i n  a hot wellbore. 

mperature, so the  Epley hammer, which has a plas- 

Both hammers 

Although d r i l l i n g  t i m e  was shor t ,  the  use of a cast- i ron t a r g e t  
appeared t o  have no e f f e c t  on the  b i t .  The b i t  penetrated approximately 
15.2 cm ( 6  in.) i n t o  the b i l l e t  and showed no v i s i b l e  wear on any of the  
carbides-. 

These test r e s u l t s  i nd ica t e  t h a t  off-the-shelf i n d u s t r i a l  hammers w i l l  
not operate  a t  geothermal temperatures but t h a t  there  is  no fundamental ob- 
stacle t o  t h e i r  modification. Replacing the  plast ic  valve parts with some- 
thing else is  not a t r i v i a l  problem, because it  is very important t h a t  t he  
p a r t s  have the  kind of fa t igue- res i s tan t  r e s i l i e n c e  tha t  the  p l a b t i c  gives. 
This design work can be done i f  a study of d r i l l i n g  economics shows t h a t  
the  high penetrat ion rate of percussion j u s t i f i e s  fu r the r  development. 

\ 
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