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ABSTRACT 

Completion o f  hot dry rock wells as it i s  
c u r r e n t l y  envisioned, requi res t h a t  hyd rau l i c  
f ractur ing be used t o  develop a heat extraction 
reservoir and t o  provide l o w  impedance flow paths 
between the designated water in ject ion and pro- 
duction wells. Recent f ractur ing operations a t  
measured depths from 11,400 ft t o  15,300 ft a t  the 
Fenton H i l l  Hot Dry Rock Geothermal Test S i te  have 
resulted i n  numerous fa i lures o f  tubulars caused 
by the  h i g h  f r a c t u r i n g  pressures, co r ros i ve  
environment and large treatment volumes a t  high 
flow rates. Two new fractur ing str ings were 
designed and purchased. Physical and chemical 
p roper t i es  exceeding A P I  spec i f i ca t i ons  were 
demanded and supplied by the manufacturers. These 
tubulars have performed t o  design specifications. 

INTRODUCTION 

I n  the completion o f  the f i r s t  Hot Dky Rock 
(HDR) geothermal energy e x t r a c t i o n  system a t  
Fenton H i l l ,  west of Los Alamos, New Mexico, a 
reservoir was created by connecting two  boreholes 
i n  hot, impermeable c r y s t a l l i n e  rock w i t h  
hydraulic fractures produced with surface pumping 
pressures o f  less than 2500 psi. This i n i t i a l  
system consists o f  t w o  near-vertical 10,000 ft 
deep wel ls,  openhole completed i n  Precambrian 
basement rock, a t  a bottom hole temperature o f  
400°F. 

P second commercial-sized heat e x t r a c t i o n  
systen was begun i n  1979. It presently consists 
o f  two boreholes d r i l l e d  as shown i n  Figure 1.lS0* 
A series o f  f ractur ing operations have been con- 
ducted i n  attempts t o  connect the EE-2 and EE-3 
wellbores. A sumnary o f  these operations through 
November 1982 i s  presented i n  Reference 3. 
Fracturing operations conducted since then are 
b r i e f l y  discussed here. The f ractur ing pressure 
o f  t h i s  deeper reservoir requires surface pumptng 
pressures of 5200 t o  5900 psi. High rate pumping 
operations have been conducted a t  up t o  7100 psi. 
These higher than anticipated fractur ing pressures 
have caused problems with the downhole hardware. 
The bottom hole temperature of the deeper well, 

References, Figures, and Tables a t  end o f  text. 

EE-2 i s  630 F. 

SUMMARY OF FRACTURE STRING FAILURES 

Three major problems arose during these early 
f ractur ing operations. F i rs t ,  f ractur ing pres- 
sures were much higher than i n  the ea r l i e r  experi- 
ments. Second the tubing casing annulus was 
l imi ted t o  a backside pressure of 2000 ps i  during 
a l l  major f ractur ing experiments performed i n  EE-2 
and t o  1000 psi  i n  EE-3. Third, the f l u i d  flow- 
back a f te r  the f i r s t  major pump o f  20,000 bbls 
contained signi f icant amounts o f  dissolved CO2 gas 
and a trace o f  HILS gas. A sumnary o f  f ractur ing 
operations i n  EE-2 and EE-3 i s  given i n  Table 1. 

Fracture gradients o f  0.55 p s l / f t  were cal- 
culated fo r  fracture extension pressures i n  the 
shallow (10,000 ft deep) reservoir a t  Fenton H i l l .  
Extrapolation t o  14,000 ft TVO predicted surface 
pumping pressure would be less than 2000 psi. 
However, f ractur ing Operations carried out i n  the 
deeper EE-2 w e l l  required much higher pumping 
pressures, resul t ing i n  f racture gradients ranging 
from 0.8 t o  0.96 p s i l f t .  A sumnary o f  f ractur ing 
pressures i n  Fenton H i l l  w e l l s  i s  presented i n  
F igure 2. During t h e  pumping operat ions o f  
October 6. 1982, measured instantaneous surface 
pressures increased from 5200 t o  5900 p s i  
resul t ing I n  an increase i n  the f racture gradient 
from 0.89 t o  0.96 ps i / f t '  (see Figure 2). 

During the d r i l l i n g  o f  EE-2, considerable 
wear o f  the 9-518 in. casing occurred. This wear 
caused a l lm i ta t l on  o f  2000 ps i  on the 9-518 In. 
f rac s t r i ng  annulus back-up pressure. I n  EE-3 a 
low pressure zone jus t  below the 9-518 in. casing 
(see Figure 1) allowed only a 1000 ps i  annulus 
back-up pressure. These l imi ta t ions s ign i f icant ly  
Increased the  t r i a x l a l  loading on t h e  f r a c  
strings. 

During post f ractur ing operations, flowback 
o f  f l u i d s  contained corrosive gases. A 4-1/2 in. 
N-80 buttress casing coupling cracked ear ly i n  the 
2nd stage o f  the f i r s t  major pump on June 4, 1982. 
It had been exposed t o  a 1/2 BPM f l o w  o f  water out 
of the tubing-casing annulus f o r  more than 2 days 
a t  the tine of f a i l u re  (see Figure 1). The water 
contained s ign i f icant  amounts o f  dissolved C02 gas 
and a trace o f  H2S. A l l  subsequent flowbacks also 
contained these gases. Both the f rac s t r i ng  and 
the casing were exposed. These gases further 
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enhanced the poss lb i l l t y  o f  downhole tubular, or 
other hardware fa1 1 ures. 

Br le f  descrlptlons o f  the tublng fa i lures 
dur lng f r a c t u r i n g  operat ions are presented I n  
Table 1. Failures occurred due t o  comblnatlons o f  
high stress, stress r lsers  and corrosive envlron- 
ments. Four major jobs were conducted with the 
4-1/2 In. N-80, P-110 buttress casing. Failures 
occurred p r i m a r i l y  I n  t h e  c o l l a r s  bu t  tube 
fa i lures also occurred I n  the P-110. D r i l l  plpe 
was also used fo r  fracturlng. Failures were only 
found I n  the 5-135 tubes o f  both 3-1/2 In. and 
4-1/2 In. d r l l l  plpe. D r i l l  plpe had been used as 
a workstring i n  EE-2 f o r  more than three months 
p r io r  t o  the f ractur ing experiments. It had been 
used t o  c i rcu la te out CO1 gas bubbles containing 
H,S during completion operatlons. After the 4-1/2 
In. casing had been aerated f o r  four months, It 
was redeployed. After replacfng one bad collar, 
20,000 bbls o f  water were pumped a t  pressures up 
t o  7000 psl  before the 4 4 2  In. caslng failed. 

The past f ractur ing s t r i ng  fa i lures provided 
j u s t i f l c a t l o n  t o  procure a new fractur lng tublng. 
Procurement o f  a new s t r l n g  was l n l t l a t e d .  
Because o f  the long lead time required an attempt 
was made t o  do a small volume fractur ing experl- 
ment I n  EE-3. The l n j e c t l o n  zone selected, 
required that a cemented-In l i n e r  be used t o  
bypass a low fracture gradient zone below the 
9-5/8 In. caslng shoe a t  10,375 ft. A new 1300 ft 
long 4-1/2 In. 0.250 in. w a l l  N-80 buttress casing 
was cemented-In from 11,400 ft t o  10,850 ft using 
a puddllng technique and hung I n  the 9-5/8 In. 
caslng a t  10,200 ft wl th  a mechanlcal l l n e r  hanger 
under a polished bore receptacle (PBR) (see Figure 
1). A seal assembly on a 4 4 2  in, 0.337 In. wall 
5-135 d r l l l  pipe s t r i ng  was sealed I n t o  the PBR. 
To prevent excessive l n j e c t l o n  i n t o  t h e  low 
gradient zone backside pressure was l lml ted t o  
1000 psi. The treatment ended wlth Instantaneous 
pressure comnunicatlon between the d r l l l  plpe and 
annulus. Upon removal a leak was found I n  the 
s l i p  area o f  the d r i l l  pipe. The l l n e r  was col- 
lapsed j u s t  above the cement top. The l l n e r  
f a i l u r e  was a t t r ibuted t o  excessive stress and the 
d r f l l  pipe f a i l u r e  resulted from the corroslve 
environment, 

PERFORMANCE OBJECTIVES FOR THE NEW TUBING 

Improved tublng hand1 lng procedures, lower 
stress durlng f ractur ing and materlals fo r  service 
i n  a corrosive envlronment were needed t o  reduce 
the poss ib i l i t y  o f  future fallures. Fracturing 
experiments were being proposed fo r  both wells and 
very large volume treatments were belng consldered 
f o r  EE-2. The 9-5/8 in. caslng I n  both wells was 
susceptlble t o  the corroslve envlronment. 5-1/8 
In. s l i c k  j o i n t s ,  5-In. and 5-1/4-1n. seal 
assemblies would be used t o  seal the bottom o f  the 
tubing I n t o  packers or PBRs. The capabl l l ty  t o  
perform wire1 lne work inside o f  pressurized tublng 
was very desirable. 

As 8 result, tublng performance objectlves 
requlred that the tubing be suitable fo r  the 
following: 

(1) Uorkstrlng servfce t o  depths o f  14,400 ft 
w l t h  repeated use o f  connectlons a f t e r  
Internal  and external exposure t o  corroslve, 
6OOOF f l u i d s ,  10.000 f t - l b s  torque, and 
400,000 lbs tenslon loads. 

(2) Fracturing service t o  depths o f  14,400 ft a t  
rates up t o  50 BPM, 7000 PSI net Internal 
pressure and very h i g h  compresslve loads 
whlch resul t  from the lower mvlng seal con- 
f lgurat lons needed t o  compensate fo r  thermal 
contract 1 on. 

(3) Iso la t ion service t o  protect the 9-5/8 In. 
production caslng from corroslve water and 
steam durlng a f te r  frac flow or  reservoir 
production a t  laoderate pressures and tem- 
peratures up t o  600OF. 

TUBING SPECIFICATION 

To meet the performance objectlves, a 90,000 
ps i  minimum y l e l d  stress moderate wall, large 
dlameter tube with an Internal flush, shouldered 
connectlon havlng both I n t e r n a l  and external  
metal-to-metal seals was desired. The lead t i m e  
t o  procure such a s t r i ng  was estimated a t  SIX 
months. Thls was unacceptable t o  the program. A 
s t ra tegy  t o  procure two f r a c t u r l n g  s t r i n g s  
evolved. A speclflcation which required a minimum 
lead time was prepared f o r  tubing suitable f o r  
moderate workstring and fractur lng servlce whlch 
would also be sultable f o r  eventual production 
servfce I n  EE-3. An optlnum specification was 
prepared f o r  a second s t r l ng  which would sat ls fy  
a l l  o f  the performance objectives and be used as 
high pressure ln ject lon s t r l ng  fo r  a four t o  s i x  
n l l l l o n  gallon f ractur ing treatment i n  EE-2. It 
would also be used as the ln ject lon s t r i ng  f o r  
reservoir test lng operatlons once the wells were 
connected. The speciflcatlons fo r  the compromise, 
readl ly  available s t r i ng  and the deslred s t r fng 
are l l s t e d  i n  Table 2. 

DESIGN CALCULATIONS AND CONSIDERATIONS 

Grade selection fo r  the minlmum specl f lcat ion 
was based on the conclusion that  1-80 was the 
strongest 'sour servlce' material which could be 
s p e c i f l e d  w i t h  expedited procurement us ing 
standard spec i f l ca t l ons  (API ) .  S t a r t i n g  w l t h  
80.000 ps l  ml,nlrmnn y i e l d  strength and a 0.80 
safety factor , a 0.250 In. wall tube provided 
adequate Internal  y i e l d  pressure. A 0.337 In. 
w a l l  was selected because It provided 0.78 safety 
factor durlng f ractur ing f o r  the t r i d x i a l  stress 
j u s t  above a 5-1/4 In. seal assembly. With a 1002 
connection the tube provides 100,000 l b f  over-pull 
t o  13,400 ft with a 0.8 safety factor. 

A non-upset premlum threaded and coupled 9% 
e f f i c i e n t  connection was speclfled. Thls elim- 
lnated any concern that  the upsetting process 
would reduce the stress corrosion reslstance o f  
the steel I n  the upsets. 

The tube size f o r  the optimum speciflcatlon 
was hcreased from 4-1/2 in. t o  5-1/2 In. This 
provlded minlmal f r l c t l o n  loss a t  rates up t o  50 
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versat i le  and outstanding heat t reat ing f a c i l i t y  
(quenchlng by submerglng and walking beam furnaces 
wl th  eight heatlng zones). 

Los Alamos National Laboratory metallurgist, 
Wllllam Turner participated f u l l y  wi th a three man 
team from the m l l l  t o  select exact process param- 
e t e r s  and contro ls .  Mannesmann e f f o r t s  were 
superb, but we feel  user part lc lpat lon was v l ta l .  

The prlmary technical discussion was whether 
or not a speclal chemistry would be needed t o  
obtaln f u l l  martensite through the 0.845 In. wall. 
It was declded that  very rapid quenchlng (sub- 
merged water wi th masslve water flow) would do the 
j ob  with standard chemistry. The t h e  scale 
d i c t a t e d  pour lng o f  t he  s tee l  several months 
before development o f  the heat t reat lng process. 
This correct decision was the primary basls o f  
eventual complete success. 

The steel making by Rnnesmann was excellent. 
There was d u c t l l e / b r l t t l e  t rans i t ion tempera- 
tu re  from tes t  temperatures as low as -112°F the 
lowest temperature posslble fo r  the apparatus. 
Martensite as quenched exceeded 9%. The minlmum 
wall thlckness was 2% below nominal. No defects 
occurred durlng upsettlng, even as evaluated a t  
200 X. Sample sections passed the WACE stress 
cracking c r l t e r l a  a t  100% loading. The calculated 
deslgn strength o f  the pipe was Increased by the 
hlgh qys and mlnlmum wall thickness (Table 3). 

The upsettlng was dimensionally excellent. 
The axls o f  the upset was wi th in 0.010 In. radius 
o f  the axls o f  the pipe. Three stages o f  upset 
were required, as expected. Upsets allowed one or 
t w o  recuts. A l l  upsets cleaned up readi ly and a l l  
could be machlned as a box or p in  end. Threading 
was easi ly accomplished by chucking on the OD o f  
the pipe body with a three jaw chuck wlth "0 
correction factors fo r  allgnment. 

BPM and greatly Improved the poss lb l l l t y  o f  SUC- 
I cessful  w l r e l l n e  operat ions In a pressurized, 

buckled tube. A speclfled minimum y l e l d  stress o f  
90,000 PSI was selected a f t e r  detemlnlng that  
95,000 psl f n  a sour servlce tubing had a hlgh 
cost t o  benef l t  r a t i o  when compared with 90,000 
ps l  ws. A 0.361 In. wal l  provlded adequate 
Internal  y l e l d  pressure a t  a 0.80 safety factor 
and also provided a 0.70 safety factor when the 
t r l a x l a l  stress j u s t  above the seal assembly was 
ca l cu la ted  (7000 p s l  w l t h  no backup on the  
annulus). An upset Integral  j o l n t  wi th a premlum 
thread was selected over a threaded and coupled 
connection. It provided both an In ternal  and 
external metal -to-metal seal whlch ellmlnates the 
loss o f  thread lubr lcant I n  the hlgh temperature 
envlronment (bakeout) and r e s u l t i n g  co r ros i ve  
exposure o f  the hlghly stressed threads. The 
connection was rated a t  952 o f  the tube strength 
and allowed workstrlng sewfce t o  15,000 ft with a 
150,000 I b f  overpull a t  a 0.8 safety factor. 

An I n i t i a l  s p e c l f l c a t l o n  was prepared. 
However, there was concern that  the marrlage o f  
sour service 90,600 PSI mlnlmum y l e l d  strength 
tubes and the normal upsettlng process would be 
lncompatlble. Waterlal and fabr lcat lon expertise 
was enl isted t o  Improve t h l s  I n i t i a l  speclflca- 
tion. As a resul t  o f  t h l s  Input the revised 
specification I n  Table 2 evolved. 

FABRICATION OF THE 5-1/2 IN. TUBING 

Insofar as could be determlned, there were, 
as yet, no e f fo r t s  anywhere worldwide t o  produce 
upset-ended 90,000 PSI nys pipe. Our task was t o  
accomplish the following: 

(1) Determine and deflne the necessary parameters 
f o r  a complete speclflcatlon. 

(2) Evaluate a l l  m i l l s  professlng Interest  I n  the 
order and select those which could produce 
t h e  p ipe t o  s p e c i f i c a t i o n s  on t h e  f l r s t  
attempt. 

A dialogue uus conducted with a l l  possible 
producers. As a resul t  key processing needs and 
product needs were specified. The product needs 
are shown on Table 2 under the revlsed tpecl f lca- 
tlons. The revised speclflcatlons Included the 
following process parameters: (1) ladle reflnlng, 
(2) mlnlmum tempering t i m e  o f  45 mlnutes. (3) 
ld/od quench, (4) cold stralghtenfng p r l o r  t o  
f i n a l  tempering, and (5) three stage upsettlng 

The technical problem was t o  dchleve requ 
properties I n  a plpe with 0.361 In. wall thickness 
I n  the body and 0.845 In. wall thlckness I n  the 
upsets. Host producers f e l t  that  t h l s  would 
require a speclal chemistry as w e l l  as speclal 
heat t reat lng parameters. It was declded that  
t he  best q u a l l f l e d  processing f a c l l l t y  be 
selected. The order was placed with Hannesmann. 
Several Japanese m i l l s  were consfdered equivalent 
but could not match dellvery. 

Mannesmann had l a d l e  r e f l n l n g ,  continuous 
casting, r o l l l n g  on a mandrel m111, and a 

Threading o f  tublng was compllcated by the 
requirement that  the material properties I n  the 
upset be the same as those I n  the tube (allowable 
exceptions are shown In Table 2). Normal '011 
f l e l d "  threadlng requirements a1 low upsettlng o f  
quenched and tempered p ipe wi thout  Q&T a f t e r  
upsettlng or allow Q8T upsets t o  be softened by 
lnductlon heating t o  Improve machlneablllty o f  the 
upset. Consequently, f o r  our order, the speeds, 
feeds, depth o f  cut t lng and sequence o f  cu t t i ng  
normally used a l l  had t o  be adjusted f o r  threading 
harder than normal material. Because the steel 
in111 and threadlng f a c l l l t y  d id  not rout lnely work 
together, user par t ic lpat lon provided ear ly CO- 
ordlnatlon which eliminated a l l  but n lnor delays 
I n  the threadlng. Fabrlcatlng upsets wi th  the 
proper dimension I s  c r i t i c a l ,  and providing pipe 
wi th  stringent OD and straightness tolerances can 
make threadlng easler which resul ts  I n  a Ratch 
Improved product. 

PERFORMANCE OF TUBING 

The 4-1/2-ln. (mlnlmum lead t i m e  speclfi- 
cation) 1-80 VAM tubing has had very l lmf ted 
fractur ing service t o  date. It performed sat is-  
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f a c t o r i l y  during a pre-fracturing hardware tes t  a t  
pumping pressures up t o  5800 ps i  with 1000 ps i  
backside pressure. The s t r ing was Installed, f o r  
Iso la t ion service i n  EE-3 fo r  three months. Upon 
removal it was found t o  be i n  good condition with 
the exception o f  a few dried out j o in t s  which were 
hard t o  break out because the high temperature 
thread lubr icant had been baked out. 

0 

The 5-1/2 in. (optimum specification) sour 
service C-90 Hydr i l  TAC I has seen service I n  both 
wells. As a short 600-ft tie-back l i n e r  i n  EE-3 
i t  was exposed t o  450°F f l u i d s  f o r  three months i n  
i s o l a t i o n  service. I t  was removed w i t h  no 
problems breaklng out the j o i n t s  and no evidence 
o f  bake-out o f  the thread lubricant. 

An 11,350 ft long 5-1/2-in. tubing s t r i ng  was 
insta l led i n  EE-2 where i t  was used t o  pump 
130,000 bbls o f  water a t  pressures up t o  7100 ps i  
wi th  2000 ps i  back-up a t  rates up t o  50 BPM. A 
fatlgue f a i l u r e  o f  a wellhead flange ended the 
pump. The surface equipment fa i l u re  combined with 
operatfonal problems exposed the tubing t o  d i f -  
ferent ia l  pressures of 6000 psi, 100 BPH f low 
rates, eventual flowing temperatures above 425OF 
and bottom hole thrust  loading suf f ic ient  t o  force 
tub ing  through blow-out preventer rams as i t  
expanded during heat up. Tests conducted sub- 
sequent,to the flow back o f  60,000 bbls f ractur lng 
f l u i d s  showed t h a t  t he  tub ing  had pressore 
In teg r i t y  but that it was p a r t i a l l y  stuck 2000 ft 
above the packer. The tubing has not been removed 
a t  t h i s  time, but permanent corkscrewing o f  the 
tubing i s  one o f  several nodes o f  st icking that 
seem t o  be possible. If corkscrewing occurred as 
a resul t  o f  a release o f  the packer t l i  s on the 
9-5/8-1 n. cas i  ng packer, combined [t r i a x i a l  
maximum energy of d i s to r t i on  theory) stresses i n  
excess o f  90,000 ps i  may be been imposed on lower 
part  of  tubing. 

CONCLUSIONS 

1. Proper de f i n i t i on  o f  environmental conditions, 
detai led stress analyses and a very detailed 
product spec1 f i c a t i  on w i  t h  fabr icat  ion process 
reasi rements have provided tubulars which are 
capable o f  withstanding the severe f ractur ing 
conditions i n  the Fenton H f l l  hot dry rock 
wells. 

2. While the technology t o  produce, upset and 
thread a sour service 90.000 psf mys in tegra l  
j o i n t  tubing existed, the t o t a l l y  successful 
production o f  the product on the f i r s t  attempt 
would not have been achieved without ear ly and 
very active p a r t i d p a t i o n  wi th  the steel m i l l  
and threading f a c i l i t y  by Laboratory Staff. 

3. Los Alarnos National Laboratory p a r t i c i  pation 
i n  the  s e t t i n g  o f  process parameters and 
fabrication techniques was v i t a l  for :  

a. Upsetting methods, . 

b. Dimensional inspection of the upsets, 

c. Nondestruct ive t e s t i n g  and des t ruc t i ve  

d. Development of heat t r e a t h g  parameters, 

e. Decision t o  u t i l i z e  standard chemistry. 
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FIGURE 2 
Fenton Hill fracture propagation 
pressure a t  various depths. 
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FIGURE 1 
Schematic profile of wells EE-2 and EE-3 (center) w i t h  tubulars and fracturing hardware 
detailed (left and r i g h t )  
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FIGURE 3 
Cwparlslon of measured and predicted temperatures 
In the tub lng  a t  4000 feet  depth durlng nitrogen 
gas Insulation experiment. Predlctlons are based 
upon gas natural convection heat transfer cor- 
relation, quat lon (11. 
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. v  
Completion of HDR geothemal well EE-3. Thls  well 
was origlnally Intended, and pre-tensioned, to 
serve as a productlon well for hot water. 
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FIGURE 4 
Varlatlon of Grashof number and convectlve heat 
transfer coefflclent a t  bo00 feet  durlng nitrogen 
gas Insulation experlnent. Varlatlons shown 
result from the changlng temperature difference 

FIGURE 2 across nltrogen fllled annulus Induced by 
tnjectfon - tubing. Injectton h f s b v  shown f n  
Fig. 3. 
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Allowable casing temperature decrease and allow- 
able pressure based upon allowable Yield s t r e n g t h  
of 64,000 psi (80% of actual yield) f o r  upper 
joints  of L-80 caslng. 
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FIGURE 6 
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__. - . 
Comparison of measured and simulated temperatUtes VarlatlOn of caslng coollng for the annulus heat 
i n  the tubing a t  1ooo fe'et durlng the foam lnrula- transfer coeff iclents lnd i  csted. Yinter-time 
tlon test. Slaulatlons are based upon the heat operation (water lnjectlon temperature = SC) a t  
transfer coefflclents In fable 1. Theoret~Cal 20 bpm Is shown. An Inject ion of  1~000,000 
basis of these coefficients Is discussed In the gallons. requir ing 20 hours, would result  In 
text. casing coollng greater than 1l.C unless the heat 

transfer coefficient Is less  t h a n  3 U/(n 'C). 
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