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INTRODUCTION 

ADVANCED RESEARCH. AND TECHNOLO 



I ADVANCED RESEARCH AND TECHNOLOGY 

W i t h i n  the scope of the Ph 

1. Well D r i l l i n g  
Well Completion 
We1 1 Performance 

4. Reservoir Performance t 

W i t h i n  each of thes hases, the objective was to  identify existing 
technology, areas of possible research, and t o  prepare prel imi nary plans 
and .cost estimates for a geothermal tes t  well 

and prediction of geopressured geothermal reservoir del iverabi 1 i ty  and 
performance. Therefore the discussion of I I  each individual  phase is focused 
a t  two levels: 

The overall objective of the project is the meaningful eval'uation 

1. A genera scusslon related t o  the G u l f  Coast Geopressured 
'resource 

amp1 es appl ied t o  e or more possible tes t  s i tes  

, GENERAL CONCLUSIONS 

areas: well design, well completion technology, data acquisition, reser- 
voir simulation studies, f l u i d  sampli 
search, and heat transmission i n  well 

Phase 0 studies have concentrated on research i n  the following 

and analysis, rock mechanics re- 

Conclusions o f  this research are as .  follow: 
ble drilling and completion technology and equipment 

, cessful d r i l l i n g  and completion of a 
geopressured geothernial well 
Detailed design o f  completion, d r i l l i n g  and testing program 

3; Certain long lead-time items (pipe, wellheads, data acqui- 
equire complete definition of the ini t ia l  t es t  s i t e  

' sition, etc.) can be ordered based upon approximate s i t e  
.c/ definition. 

I - I 



2 

4. Development of geothermal reservoir simulator i s  necessary 
t o  design proper well t es t  sequence and programs t o  accurately 
evaluate reservoir performance 

5. Development of the geothermal reservoir simul ator w i  11 require 
accurate information on mechanical and flow properties of 
rocks 

6. Init ial  studies of reservoir simulation i n  the Kenedy County 
fairway area indicate t h a t  for a single well, a one year tes t  
period will be insufficient t o  establish w i t h  certainty the 
influence of adjacent shale water on the performance of the 
geopressured geothermal reservoir 

7. A single well w i t h  a one year tes t  period should be sufficient 
t o  a1 low for determination of compaction effects on reservoir 
performance, as well as reservoir properties i n  the' vicinity 
of the well 

8. Detailed sampling and analysis of well f l u i d s  should be 
planned as soon as addi t iona l  information from current tes t  
programs i n  Louisiana is available. Methods of sampling 
and analysis are available t o  accurately determine reservoir 
f l u i d  and dissolved so l id  components 

of only approximately 5' F. 

. &  

9. Flu id  transmission i n  wellbore will result i n  heat losses 

Based upon research t o  date, i t  has been determined t h a t  well design 
using a % inch production string of casing will be adequate t o  produce 
reservoir fluids a t  the rate of 40,000 barrels/day. Total costs for dril l-  
i n g ,  completion, f l u i d  sampling, and installation of the requisite data 
acquisition system for the f i r s t  well, t o  be drilled t o  a depth of approx- 
imately 15,000', will be roughly $2,600,000. However, i n  order t o  study 
the effects of i n f l u x  of water from adjacent shales,.a second well should 
be drilled near the sand-shale interface, i .e. ,  near a dis ta l  portion of 
the reservoir sand section. T h i s  second well should cost approximately 
$1,900,000. Research in to  rock mechanics i s  urgently required i n  order t o  
study these effects, and it  is estimated tha t  such research will cover a 
two year span and cost approximately $280,000. Development of a reservoir 
simulator i s  i n  progress under a Phase I contract from ERDA to  the CES. 

t 
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RECOMMENDATIONS FOR FUTURE RESEARCH 
1. Concurrent w i t h  final s i t e  selection, final well design is 

required. 
a t  the time o f  decision t o  proceed t o  s i t e  selection. 

2. Continue development o f  geopressured geothermal reservoir 
simulator (underway). 

3. I t  is necessary t o  undertake development of equipment and 
techniques for  rock sample testing. Rock mechanics portions 
of research will cost approximately $280,000. 
Final plans should be undertaken, and equipment ordered, 
for reservoir f l u i d  sampling and testing. 
I t  is necessary t o  develop detailed planning for testing 
and monitoring the in i t ia l  and development well i n  the 
first reservoir. 

6. I t  would be useful t o  perform additional f l u i d  t es t s  on 
exis t ing wells i n  Texas and Louisiana, similar t o  the tes t  
underway presently i n  Louisiana. 
be contemplated w i t h i n  the next two years, a t  a total cost 
of approximately $2,000,000. 

However, long lead-time items can be ordered 

4. 

5. 

Four such tes ts  should 
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CHAPTER I 

WELL DRILLING 

Although the ul t imate object ive of the d r i l l i n g  bperation i s  t o  pro- 
vide access t o  the resource and allow the production o f  f l u i d s  through 
the wellbore, i n  . th is par t i cu la r  case olf geothermal geopressured wells 
the d r i l l i n g  phase should also provide a re l i ab le  source o f  accurate 
information for the overal l  evaluation o f  the gu l f  coast geopressured 
resource. 

The primary philosophy was .that whenever possible ex is t ing  tech- 
nology should be used i n  t h i s  pro ject  unless reasonable doubt existed 
tha t  techniques, methods and 'materials would obscure the t rue essence 
o f  the'geopressured resource o r  might i n  any way damage o r  a l t e r  the 
product iv i ty  o f  such formation. As such the fol lowing guidelines were 
adhered to: 

1. 'Minimize possible damage t o  the producing formation, 
2. - Maximize qua l i t y  o f  data obtained through the d r i l l i n g  operation 

and subsequent surveys, 
3. Simpl i fy procedures t o  insure maximum r e l i a b i l i t y  and safety, 
4. Apply ex is t ing  technology whenever 

o f  sa t is fy ing  the above objectives. 
Within the past f i v e  years the deep and ultra-deep wel l  d r i l l i n g  

nsures high probabi 1 i ty 

technology has been wel l  established i n  the o i l  industry. This has re- 
sul ted i n  the successful d r i l l i n g  and completion o f  wel ls a t  depths up 
t o  30,000 fee t  i n  areas both o f  normal and abnormal subsurface pressure. 
This has been the (1) a v a i l a b i l i t y  o f  i m -  
proved equipment a 
d r i l l i n g  analysis, w e l l  planning and w e l l  monitoring during the d r i l l i n g  
opera ti on. 

s u l t  o f  two2developments: 
materials and (2)  the appl icat ion o f  optimized 

PRE-DRILL1 

The object ive i s  t o  define as accurately as possible the character- 
i s t i c s  of the s i t e  where~the w e l l  i s  t o  be d r i l l ed .  Chronologically 
t h i s  takes place a f t e r  a thorough geologic analysis has been completed. 
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Following the select ion o f  a general s i t e  f o r  the d r i l l i n g  operation i s  LJ 
a thorough study o f  a l l  avai lable of fset  wel ls t o  determine the geologic 
section t o  be d r i l l e d  and any character ist ics of the formations t o  be 
penetrated. The spec i f i c  s i t e  where the wel l  i s  t o  be d r i l l e d  can be 
fu r ther  i den t i f i ed  by undertaking a geophysical survey possibly o f  the 
seismic re f l ec t i on  type, which allows the i den t i f i ca t i on  o f  subsurface 
features such as faul ts,  which might present a hazard t o  the d r i l l i n g  
operation. Modern techniques o f  seismic records in terpretat ion al low 
the determination over re la t i ve l y  broad depth in terva ls  o f  the ve loc i ty  
o f  wave propagation i n  the subsurface strata.  This can be fur ther  in- 
terpreted i n  terms o f  formation pressures t o  be encountered during the 
d r i  1 l i n g  operation, besides y ie ld ing  estimates o f  the types and strengths 
o f  the s t ra ta  t o  be d r i l l ed .  The r i ches t  source o f  information i s  from 
d r i l l i n g  records o f  ex is t ing  o f f s e t  wells i n  the area. This includes 
not only e l e c t r i c  logs but b i t  records, mud records, recorded d r i l l i n g  
data such as torque, pump pressure, penetration rate, etc., casing points, 
hole size, encountered problems, r i g  specif icat ions, and corre la t ion o f  
formation tops t o  the proposed well .  

de f i n i t i on  o f  a speci f ic  s i t e  f o r  the d r i l l i n g  operation and a large 
amount of information upon which the next phase o f  well  planning i s  t o  
be based. 

. 

I 

The resul ts  o f  the p re -d r i l l i ng  analysis i s  therefore a complete 

WELL PLANNING 

It i s  important that  i n  the development o f  the detai led w e l l  plan 
not only be considered factors tha t  d i r e c t l y  a f fec t  the d r i l l i n g  opera- 
t i o n  but  remembering tha t  the ul t imate objective i s  t o  have access t o  
the reservoir  i n  order t o  sa t i s f y  the production requirements, i t  i s  
imperative tha t  i n  the d r i l l i n g  plan be considered as wel l  a l l  the com- 
p le t ion  and production requirements. This i s  especial ly important i n  
the case o f  the geothermal t e s t  w e l l  since t o  a large degree the via- 
b i l i t y  o f  the geopressured geothermal resource w i l l  be judged upon the 
performance o f  t h i s  one tes t  well. As such the completion should i n  no 
way mask the t rue and actual performance o f  the reservoir.  It should also L j  



Equipment  t o  match the hole design and requirements is then selected 
keeping i n  mind t h a t  i n  many instances the success of the d r i l l i n g  opera- 
t ion depends on the flexi bi 1 i ty and capabi 1 i ty of the equipment. A1 though 
i n  practice sometimes the program is modified t o  f i t  an available rig 
i n  this specific instance i t  is recommended tha t  the program be ut i l ized 
t o  set  rig specifications. The primary criteria for rig selection should 
be (a )  hydraulic horsepower available, (b) overall power available (c)  
adequate d r i l l i n g  f l u i d  handl ing f a c i l i t i e s ,  (d) adequate selection of 
drill pipe and drill collars, (e) adequate f lex ib i l i ty  of rotary speed, 
( f )  adequate load capacity. 

allow and insure the maximum f l ex ib i l i t y  i n  terms of methods of well 
testing, completion, stimulation and formation evaluation. T h i s  factor 
should be inc luded- in  the formulation of the detailed well plan. 

following: I 

The completed well plan will contain data and instructions on the 

1. Location 
2. Map of location 
3. Reference we1 1 logs 

Reference we1 1 d r i  1 1 i ng data 
5. Dri 1 1 i ng procedures 
6. Expected pore pressures as a function of depth 
7. Logging procedures 
8.  Mud program 
9. Casing program 

10. We1 1 control procedures 
11. Well head equipment 
12. Blowout prevention equipment 
13. Cementing program 
14. Casing program 
15. D r i l l i n g  time curves 
16. Hydraul ics 
17. B i t  program 
18. Testing program. 

11 
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WELL MONITORING 

A successful d r i l l i n g  program depends on many factors. None is more 
important than the quality of data from the d r i l l i n g  operation upon which 
recommendations are based and modifications of the proposed plan are en- 
visioned. The ideal method for  collecting data is via monitoring and re- 
cording equipment on the r i g  w i t h  around-the-clock operators and engineers 
present t o  insure that the necessary information is obtained. 

In particular, i n  this specific instance o f  the geothermal tes t  well, 
where the d r i l l i n g  operation is t o  yield the main source of direct and 
indirect information about the resource, i t  is imperative that the accuracy 
of the information achieved dur ing  the d r i l l i n g  operation be maximized. 
Techniques for well monitoring are well established and are described i n  
detail i n  Appendix Ib.  
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CHAPTER I1 

WELL COMPLETION 

The area of. we1 1 completion encompasses a1 1 operations necessary t o  
allow the control led flow of reservoir  f lu ids t o  the surface. This covers 
a l l  equipment such as casing, tubing, packers, wellheads, etc. as wel l  as ' 

spec i f i c  procedures such as logging cementing, perforat ing and testing, 
necessary t o  achieve t h i s  objective. 

for  evaluation and predict ions o f  the reservoir  performance as wel l  as 
t o  achieve the desired objectives wi th  a minimum o f  disturbance o f  the 
productive formation characterist ics. 

WELL COMPLETION DESIGN CRITERI 

Well completion should b esigned t o  y i e l d  a l l  necessary information 

The completion design c r i t e r i a  consists o f  the  fo l lowing elements: 
Rate Requirements. The size o f  the production tubing should not 
r e s t r i c t  the f low o f  f l u i d s  from the reservoir. This i s  i l l u s t r a t e d  i n  
the accompanying f igures 1 through 6 where the f r i c t i o n a l  and head losses 
f o r  various sizes o f  pipe are p lo t ted  as a function o f  f low rate. This 
i s  i n  tu rn  combined w i th  pressure draw-down a t  the wellbore as a function 
o f  ra te  resu l t ing  i n  a p l o t ' o f  wellhead f lowing pressure as a funct ion 
o f  ra te  f o r  the various p ip  sizes. The e f fec t  o f  formation del ivera- 
b i l i t y  i s  i l l u s t r a t e d  by th parameter o f  permeabi 1 i ty thickness product. 
Knowing a spec i f i c  ra te  requirement and a minimum desired wellhead pres- 
sure allows the select ion o f  the appropriate s ize o f  completion. For 
example, a spec i f i c  case o f  a desired rate o f  40,000 bbls/day a t " a  min- 
imum- wellhead pressure o f  2000 ps i  indicates tha t  the minimum completion 
s ize required i s  5 1/2 inch casing f o  a permeabi 15 ty thickness product 
o f  5000 mi l idarcy feet. These resul ts  have been obtained f o r  a spec i f i c  
reservoir  pressure a t  one-speci f ic  t ime the l i f e  o f  the reservoir  and 
are summarized i n  Table 

steady s ta te  f low were performed under the assumptions o f  s ingle phase 
flow and f o r  a typ ica l  w e l l  configuration such as tha t  represented i n  

Pressure loss calculat ions as w e l l  as temperature d i s t r i bu t i on  during 
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Appendix IC. A detailed description of the calculations s presented i n  id 
Appendix 111.’ For the tes t  well configuration assuming a formation 
temperature (undisturbed) of 3OO0F the following surface flowing tempera- 
tures were cal cul a ted : 

F1 ow Rate We1 1 head Temperature 
B/O OF 

10,000 279 
20,000 285 
30,000 287 
40,000 288 

These figures are of course approxlimate due to  the many assumptions 
and approximate heat transfer coefficients used, b u t  s t i l l  indicate that 
due t o  the relatively high  flow rate, heat losses are minor up t o  the 
wellhead. 

reservoir, i t  will be necessary to have accurate information regarding 
the pressure versus time or  pressure versus production history of the 

To evaluate the performance of the completion over the l i f e  of the 

reservoir. T h i s  is discussed i n  detail i n  section IV of this volume. 
Workover Requirements. The major consideration i n  this case is the 
possible occurance of sand production. As such the completion should allow 
for the possibi l i ty  of gravel packing to  reduce sand i n f l u x .  T h i s  is t o  
be considered as a las t  possible alternative and a l l  other completion 
procedures should be designed t o  minimize the probabi l i ty  of sand production 
occuri ng . 
Monitoring Requirements. The compel t ion should allow accurate monitoring 
of well performance. 
measurement of pressure-rate relations. 
regarding the mechanical performance of the well and of the formation 
adjacent t o  the producing formation. T h i s  will be accomplished through 
logging means as detailed i n  the following section, and t h u s  requires 
that an open wellbore be maintained w i t h  a minimum of casing cement be- 
tween the wellbore and the formation. Pressure monitoring is to be 
achieved by permanent instal lation of the bottom hole pressure sensing 
device . 

In this specific case this involves more than just 
Information is t o  be obtained 

Lr 
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L, Stimulation Requirements. Although the primary consideration i n  the se- 
lection of possible well sites is . the formation productivity and as such 
high permeabi 1 i ty thickness 
allow for the possible e of hydraulic fracturing techniques to improve 
productivity of the we1 
Thermal Effects RequiremWs. Besides thermal effects on the completion 
materials such a s  pipe, cement and completion equipment, the effect  of 
temperature variations during t 
account. In most instances these effects can be accomodated by providing 
appropriate expansion joints :for a l l  tubular sections that are not cemented 

tions will be favored,the completion should 

sjent conditions should be taken in to  

. or including the effect of thermal stresses i n  the tension design calcu- 
la  ti ons. 



22 

5000 10000 

5800 61 00 
4640 5100 
2900 3700 
450 1550 ' 

-- 340 

TABLE I 

10000 

61 50 
5300 
3900 
1850 
700 

---I-.. 

Flowing Wellhead Pressure (psi) for &Ii Tubing 

- 

Q 
Bbl/ 
day 

10000 
20000 
30000 
40000 
45000 

Kh 
md/ft 

I 

10000 6290 6480 6550 6600 

40000 

-. 

5900 
4900 
3730 
700 

Flowing Wellhead Pressure (psi) for 5%" Tubing 

6250 
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Note: Formation Pressure: 11713 psi 
Formation Depth: 13000 ft. 
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Based on $he preceding resul t r  estimates of d r i l l i n g  and completion 
costs were obtained for various possible depths and,sizes of the pro- 
ducing tubing.  These costs are summarized i n  Table I1 while the detailed 
cost breakdown is presented i n  Appendix 11. 

production rate re 
i s t ics  and complet 
we1 1 configuration. 

From the preceding i t  can be concluded that the consideration of 
reservo i r performance character- 
the logical i n i t i a l  selection of a 

- . .  

I . .  

. .  . .  . 

~. 
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TABLE I 1  

ESTIMATED GEOPRESSURED GEOTHERMAL WELL COSTS 
I N  DOLLARS* 

Depth 14,000 ft (Nueces Co.) 
Dry Hole Completed 

4.5 1,067,000 1,681,300 
5.5 1,067,000 1,733,300 
7.0 1,149,000 1,925,300 

Diameter, Inches 

4.5 
5.5 
7.0 

4.5 
5.5 
7.0 

Depth’ 16,000 ft (Nueces Co.) 

1,622,700 2,287,700 
1,622,700 2,346,400 
2,220,500 3,077,000 

Depth 18,000 ft (Cameron Co.) 

1,895,200 2,595,200 
1,895,200 2,662,700 
2,548,700 3,468,200 

*See Appendix f o r  detai led breakdown. 
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CASING DESIGN 
Following select ion of an appropriate s ize completion, an overal l  

casing program can be developed. The casing program i s  dependent on 
d r i l l i n g  costs, completion requirements and geology and pressures t o  be 
encountered. Offset well  studies and geologic sections play an important 
r o l e  i n  supplying the required information. 

The wel l  studies provide input f o r  locat ing the abnormally pressured 
zones. Location of these zones helps determine the necessity o f  i n te r -  
mediate casing stringssand where the s t r ings should be seated. The num- 
ber of s t r ings  required w i l l  vary w i th  the depths o f  abnormally pressured 
zones and the target  depth o f  the w e l l .  Information on common practices 
used i n  the area can also be obtained from the o f f s e t  wel l  studies: 

s t r ings  needed, pipe sizes can be chosen and indiv idual  s t r i n g  design can 
begin. In choosing casing and b i t  sizes at tent ion should be given t o  ade- 
quate clearance and accepted cementing practices. Testing procedures 
must also be considered t o  insure the casing design w i l l  not in ter fere.  

Choice o f  casing grades and weights i s  dependent on the conditions 
and pressures -expected. Any corrosive conditions must be taken i n t o  
consideration. I n  a l l  instances, the casing should be designed t o  pro- 
t e c t  against the-worst possible 
should be included i n  a l l  desig 

and ava i l ab i l i t y .  Previous practices i n  the area serve as a good ind i -  
ca t o r  . 

The surface casing mu 
fresh water ltones present. f f s e t  w e l l  studies w i l l  indScate the approx- 
imate depth required. Sin the surface casing w i l l  be the f i r s t  l i n e  
of defense i n  case o f  blow out, i t s  design i s  important. The in ternal  
y i e l d  strength o f  + the casing,should not exceed the r a t i n g  o f  the blow 
out preventers. reventers and casing should be able t o  handle any 
kick. -The'design may be checked by assuming various k ick  sizes w i th  
varying shut- in.dr i11 pipe pressures. Calculation o f  pressures on the 
casing and preventer stack, as the k ick  i s  c i rcu la ted out, w i l l  indicate 

Knowing the completion requirements and the number o f  i n tehed ia te  

Design, o r  safety factors 

The grade and length conductor pipe t o  be used i s  dependent on costs 
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the rel iabi l i ty  of the design. Calculations should be made a t  the great- 
est depth to be attained before an intermediate string is run--thus repre- 
senting the worst possible conditions. 

tension requirements must  a l l  be explored. 
collapse, 1.1 for internal yield, and 1.8 for tension are recomnended. 
Design factors are variable; they depend on locations and procedures 
used. 
and the casing designed to exceed those requirements. 

Collapse conditions occur when the external pressure exceeds the 
internal pressure and the collapse strength of the casing. This  con- 
dition most often occurs when floating casing into the hole. By assum- 
ing  an external pressure due t o  the mud gradient and an internal pressure 
of zero, the collapse loading on the casing can be calculated. Require- 
ments may be reduced by assuming various md levels w i t h i n  the casing. 
While this might  better simulate actual conditions, i t  does not give the 
extra margin of safety included by assuming zero internal pressure. 

nal pressure and the yield strength of the casing. The worst conditions 
exist  when formation pressure is present throughout the casing. In this 
instance i t  is not necessary to  assume zero external pressure since the 
minimum external pressure gradient would be that due t o  s a l t  water. 
Designing for this condition should allow any kick t o  be circulated out  
safely. 
ments are met. 

For the longer strings, the collapse, internal yield pressure, and 
Design factors of 1.1 for 

For each loading stress the worst conditions should be ascertained 

Burst conditions occur when the internal pressure exceeds the exter- 

Blowout calculations should be made to insure that a l l  require- 

CEMENTING OF HIGH-PRESSURE GEOTHERMAL WATER WELLS 

Cementing simply involves securing the pipe from the earth's surface 
to the productive zone. T h i s  is accomplished by f i l l i n g  the annular area 
between the pipe and the formation w i t h  cement by pumping the cement 
down the inside of the pipe and back up behind the pipe. Cementing the 
pipe i n  place may be necessary for a number of reasons, depending to some 
extent upon the characteristics of the formations through which the pipe 
is set. The reasons for cementing are t o  keep the hole from caving i n ,  
t o  protect the pipe from corrosive f l u i d s ,  t o  protect the fresh water 
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zones from contamination, to isolate the different productive zones i n  
the well to  support the .pipe and t o  assure tha t  the well pressure can 
be kept  under control. 

today’s oi l  gas, or geothermal wells. These include accelerators for 
speeding up the setting reaction a t  low temperatures (800F-125OF). Re- 
tarders are used to  delay the setting process a t  temperatures from 17OoF 
t o  60OoF. Extenders are used t o  reduce the cost of the cement slurry 
and to  reduce the weight when encountering weak zones that will not 
support a cement column of the usual weight. Weighting agents (such as 
barite and iron oxide) are used t o  add density to  the cement column when 
additional weight is required -to balance the formation pressure and hold 
the well under control. Fluid-loss additives are used to ensure that the 
f l u i d  is not squeezed out of the cement slurry leaving a low-water-ratio 
cement that  cannot be pumped into place. Dispersants are used to reduce 
the viscosity of the cement slurry s o - i t  may be placed i n  turbulent flow 
for more complete mud removal and a better cement job. These are but  a 
few of the additives that may be used w i t h  the cement. 

cause they are usually incompatible. There are a number of formulations 
of materials for use between the cement slurry and the d r i l l i n g  mud. 
These f l u i d s  may be plain water, water w i t h  specla1 surfactants or mud 
thinners, water w i t h  scouring materials such as f l y  ash or  perlite, and 
water w i t h  a number of materials added to provide a spacer that has the 
desired weight and viscosity while being compatible w i t h  both the cement 
and the mud. When using oil-base muds, plain diesel or kerosene is 
used--with o r  without special dispersers and surfactants .- There are also 
o i l  base spacers available which may be weight to 10 ppg or  greater while 
remaining compatible w i t h  -.both the oil-base :mud and the cement. 

Several different displacement techniques are used for more complete 
mud displacement and better cement jobs.. The most cmon of these _tech- 
niques is to design the slurry so*that  i t  can be displace i n  turbulent 
flow. The slurry i n  turbulent flow has a l o t  of internal’energy and 
agitation that has been proven effective for mud displacement i n  thousands 

There are approximately f i f t y  different materials used i n  cementing 

I t  is necessary t o  keep the cement and d r i l l i n g  mud separated be- 
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of applications. The Sloflo* technique is also used when conditions 
warrant--i.e., when the hole and pipe size combinations or  slurry pro- 
perties dictate a pump rate for turbulent flow that is not practical. 
The Sloflo technique utilizes a displacement rate of 90 f t /min  i n  the 
annulus, while keeping the density and gel strength of the cement 
slurry greater than that of the d r i l l i n g  mud. 

conditions are good, the pipe may be rotated or raised and lowered as 
the cement is being pumped into place. Research studies and field experi- 
ence shows this improves the success ratio. However, fear of tw i s t ing  
the pipe apart or getting the pipe stuck off bottom makes this technique 
unattractive i n  some instances. Centralizers can be attached t o  the pipe 
to  hold i t  i n  the center of the hole while i t  is being cemented, Central- 

Mechanical aids are also employed t o  improve j o b  success. If hole 

izers can normally be r u n  without causing problems and they are very 
helpful i n  achieving a good cement job. Other mechanical aids such as 
rubber cementing plugs are normally used t o  keep the cement and mud 
separated as i t  is being pumped down the casing. A f loat  shoe and a 
f loat  collar containing check valves are usually attached t o  the bottom 
of the casing t o  assure there is no backflow af ter  the cement has been 
pumped into place. 

o i l  and gas well cementing operations are the h igh  pressure and h i g h  
temperature. 

The h igh  geopressure makes i t  necessary t o  increase the weight of 
the d r i l l i n g  f l u i d  and cement slurry i n  order to keep the well under 
control. I t  is possible t o  design and pump cement slurries having 
weights as great as 18-20 pounds per gallon. The increased weight is 
attained by either reducing the water:cement ratio,  or  adding a dense 
weighting agent or, more frequently, by using both methods. The 
cement requires only 20-22 percent water by weight to satisfy i t  chemi- 
cally--i.e., to complete the reaction. However, i n  order to  keep the 
cement slurry l i q u i d  and pumpable, 40-46 percent mix water is 

The two factors that make geopressured wells different from most 

*Dowel 1 Service Mark 
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s i n g  dispersants'or thinners, we can reduce the 
required mix water to 35 percent or less, and increase the slurry 
weight from 15.6 to 17.0 pounds per gallon. Weighting agents are then 
added i f  needed to  further increase the weight. As mentioned earlier 
these weighting agents are materials of high specific gravity such as 
barium sulfate, rlmenite and hematite. These materials must also be 
relatively inert  so they won' t  interfere w i t h  the'chemistry of the 
cement o r  other additives present. 

High pressure will reduce the setting time of cement t o  some extent, 
b u t  h igh  temperature i s  a much more serious problem. Tests have been 
conducted to  show that a pressure increase of 10,000 ps i  will reduce the 
setting tSme of a cement slurry by about "50%. However, a change of tem- 
perature of 2OoF will reduce the setting time of many cement slurries 
by 50 percent. Therefore, cement pumped into a well w i t h  a temperature 
of 3OO0F to  4OO0F would e t  before ge t t i ng  it pumped i n t o  place unless 
steps are taken to retard it .  I Retardation is accomplished by dry blending 
special retarders w i t h  cement a t  the service company's bulk  plant 
before' taking the c&en 
tarders available for use, depend 

the well. There are several different re- 
upon well temperature and other 

s. W i t h  today's technology ement slurries can be formulated to  
ive hours pumping 'time i n  wells w i t h  temperatures of 500OF bottom 

hole temperature. 
a l l  wells being d r i l l e d  today. 

Five hours is  adequate time for cementing 'practically 

t contend w i t h  because 
This  logs of strength occurs a t  temper- 

atures \above 12OoF d 
mal 'hydration cycle i 
i ncrehse i n -permeabi 1 

ges that 'continue af ter  the nor- 
strength loss is accompanied by an 

The'solution to this problem is the addition 
ptimum quantity of 'sand is about 35% by weight 

flour or slightly coarser s'ilica 
rmal wells are produced a t  h igh  rates, i t  is  'necessary 

op of the well to  the bottom by adding 

The cost o f  cementing a'geothermal well depends upon many factors. 
The cost of a-single j o b  may vary from less than $1,000 for the surface 
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or conductor pipe j o b  t o  $25,000 for the production casing. Factors 
which determine the cost are the depth, pressure, temperature, annular 
volume, desired f i l l u p ,  displacement technique utilized and the formation 
properties. 

Surface and conductor pipe usually require small volumes of materials. 
Normally, only cement is used w i t h  calcium chloride added to  accelerate 
it. The depth of the casing is only a few hundred feet. 

The production string j o b  is more cr i t ical  because i t  forms the 
final barrier between the producing formation and the well. 
slurry will contain dispersants to increase the weight, weighting agents, 
sand t o  prevent strength retrogressisn and retarders necessary t o  delay 
the set a t  elevated temperatures. The d r i l l i n g  muds used under these 
conditions are o i l  base or highly treated water-base muds which are very 
incompatible w i t h  the cement. T h i s  makes i t  very important to  use 

The cement 

spacers or washes between the mud and cement. More mechanical aids are 
used on the casing to  improve job success. A l l  of  these factors, and 
others, combine t o  make the job more costly. 

or squeeze cementing jobs mus t  be done to t ry  and repair the original job.  
These jobs are also expensive and time consuming, and more diff icul t  to 
do successfully. T h i s  is w h y  every effort  should be made t o  achieve a 
good job the first time. 

If a good cement job  is not obtained i n  the in i t ia l  effort ,  remedial 

LOGGING PROGRAM 

Formation evaluation from electrical .and radioactive measurements 
is a well established and developed technology. A survey of existing 
techniques and available instruments indicates capability t o  perform 
measurements i n  deep wellbores a t  hydrostatic pressures i n  excess of 
25,000 ps ig  and temperatures i n  excess of 450oF w i t h  standard tools. 
Special tools can be prepared to  exceed these limits if  necessary. 

formation properties such as porosity, density and permeabil i tyn  f l u i d  
content and distribution i n  terms o f  saturation and lithology i n  terms 
of percent clay, matrix composition and porosity. Other parameters such 
as formation temperature, well bore geometry, s t ra ta  orientation and 

Exis t ing  logs allow the determination, w i t h  reasonable accuracy, of 
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b; inclination can also be measured. Additional measurements can be per- 
formed i n  the wellbore t o  determine the movement and distribution of the 
produced f l u i d s  t o  establish the performance and efficiency of the 
completion. 

I t  can be therefore conclude techniques can be 
applied to satisfy requirements o 
geothermal we1 1 s. 

Proposed Program for Geothermal Test We1 1. 

dri l l ing operation, the logging program for the geothermal test well 
should be designed to  provide information t o  allow the prediction of the 
overall well performance over the useful l i f e  of the project. Infor- 
mation regarding the flow efficiency of perforations, the mechanical sta- 
b i l  i ty of the we1 1 bore, presence of corrosion and scal ing ,  compaction 
of the producing interval , subsidence of overlaying s t ra ta ,  movement of 
f l u i d s  i n  adjacent formation, etc., will ave to be obtained directly 
when possible or as a minimum.should be inferred from interpretation of 
combinations of logs. The above mentioned effects are directly related 
to the production o f  the formation fluids. They will therefore depend 
on production schedules and are expected increase i n  intensity as 
time progresses. Therefore the philosop of the.logging program is t o  
establish a baseline of conditions a t  the beginning of the test period, 
before and soon af ter  the well is completed, and to  subsequently repeat 
the series of measurements to  e 

Such a logging program w i  
I.  Pre-completion 
2. Completion 
3. Post-completion 

valuation i n  geopressured 

Similar to  the requirement of exte collection during the 

the basel ine. 

Phases (1) and (2) are des 
.while phase (3) will perform t h  

The following table illustr 
principal objectfves o f  ea 

the basel ine conditions , 

ese concepts and out1 ines the 
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TABLE I11 

LOGGING PROGRAM'S OBJECTIVES 

Pre-Compl etion 

Formati on Properties 
Lithology 
Porosity 
Permeabi 1 i ty  
Density 
Fractures 

F lu id  Properties 
, Temperature 

Temperature Gradient 
Borehole Geometry 
D i  pmeter 

Completion 

Cement Placement and Bond 
Correlation Logs 
Perforation Location 
Pipe Geometry 
Corrosi ton 
Temperature 

Post-Compl etion 

We1 1 bore Performance 
Flow Survey 
Temperature 
Sand Production 
Subsidence 
Col 1 apse 
Corrosion 

Reservoir Performance 
Perforation E f  f i c i  ency 
Inflow from Above or Below 
Subsidence 
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LJ Pre-Completion Logging Program 
The principal objectives of this series of logs are: 
1. Provide information about the formations' properties as well 

as a basis for correlation w i t h  adjacent wells and future 
development we1 1 s : 
a. Lithology including identification o f  shale and/or 

I .  impervious streaks 
Effective porosity 

c. Permeability, including extent of permeability damage 
d. Formation density 
e. Presence of natural fractures 
f. Formation mechanical properties a acture strength 
g. Formation pressu 
Definition of the top  o f  overpressure and transition zone 
Formation d i p  and 
Reference logs fo 

5. Sampling o f  forma 
pressure and prod 
producing horizon 

2, 

6.  Establish r 
subsidence . 

Although the type of logs t o  be used these objectives 
may vary depending on the company performing the s 
established that the following combinatio 
open hole during the 
above . 
Open hole logging program: A minimum o f  
sequence of wellbore sizes proposed for  the test well w i l l  produce corn- 
plete records from surface t 

nduction Electric Log 
ompensated Neutr 

Long Spaced Sonic 

ces i t  has been 

ki High Resolution Dipme 1 Survey and 
Borehole Geometry (HDT) 
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Micro Laterolog (MLL) 
Nuclear Magentik Log (NML) 
High Resolution Thermometer (HRT) 

Combinations of above will allow computation o f  mechanical proper- 
ties of formation and formation characteristics through continuous 
computation of volume of shale, permeability index, porosity analysis, 
apparent water salinity,  and bulk volume analysis of the percent clay, 
matrix rock, and porosity. 

Completion Logging Program 

Cased Hole Logging Program: After the production casing string has been 
r u n  and cemented, a series of logs will be run w i t h  the objective of de- 
termining the in i t ia l  'wellbore configuration, correlating w i t h  the open 
hole logs, and establishing the formation f l u i d s  distribution i n  the pro- 
ducing and adjacent formations before any f l u i d  i s  removed from the 
reservoir. Also logs will be r u n  t o  establish the relative position 
between the casing and the formations t o  establish a baseline for sub- 
sidence and compaction studies. The following is  a possible suite of 
logs to  accomplish these objectives: 

Cement Bond Log, Variable Density, Gama Ray and Casing Collar 

High Resolution Thermometer (HRT) 
Thermal Decay Time Log (TDT) 
Mu1 t i - C C L  (Casing Subsidence Reference) 
Mu1 ti-gamma Ray (Formation Subsidence Reference) 
Compensated Neutron Log (CNL) 
Pipe Analysis Log (PAL) 

Pos t-Compl etion Logging Program. 

Locator (CBL, VOL, GR, CCL) 

During the testing period of the geothermal well, which is estimated 
to l a s t  for a period o f  one year, a series of logs will be r u n  a t  con- 
venient intervals (2-3 months depending on production rates) to  establish 
what changes have been experienced i n  the vicinity of the wellbore. 

A portion o f  these logs will be referenced t o  the baseline logs taken 
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a t  the time of completion. Otbers will have as objective the determi-. 
nation of the flow performance of the completion. A possible suite of 
logs to  satisfy these objectives are: 

High Resolution Thermometer (HRT) 
Thermal Decay Time (TDT) 
Compensated Neutron (CNL) 
Flow Meter ( F u l l  bore 
Flu id  Sampler (PFS) 

A t  the end of t or depending upon production data and 
imulation and ervoir mechanical behavior 
ubsidence and/ compaction effect should be 

t o  establish if any deformation 

of such a logging program i n  
and/or relative movement has taken place i n  the vicinity of the 'well bore. 

PERFORAT I NG 

The objective of perforating is  to establish flow communication 
between the formation and the cased w 
to  establish a comnunication that allows the same flow through perfor- 
ations that one could obtain for- the uncased open hole wellbore. Such 
a condition is referred t o  as a perforated interval w i t h  100% flow 
ef f i ci  ency . 

and proceudres can be es t a  bl i shed that resul t 
i n  such high  efficiency completion. The main parameters t o  be taken into 
consideration t o  design a h i g h  efficiency perforation are: 

bore. Ideally, the objective is 

Perforating techniqu 

Type and size of perforating device 
2. . Strength and flow characteristics of formation 
3; Pressure differential ,  between formation and wellbore 

5. Spacing and orientation of perforation 
To properly design the perforating program i t  is advisable that 

. 4.. Type of f l u i d  i n  wellbore 

evaluation tes t s  be performed on actual cores of the reservoir rock to  
establish the effects o f  charge size and type on the perforation flow 
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efficiency. Standard API tests can be used for comparison purposes. 

in the case of the geothermal test well, since the producing interval is 
relatively thick (several hundred feet) the situation is appropriate for 
applying a technique known as "trigger completion". , This involves ini- 
tially perforating only a few feet of the producing interval, under 
underbalanced pressure conditions. This requires that the tubing and 
Christmas tree be instal led prior to perforating. After perforating, 

Regarding the effect o f  wellbore fluid on perforation efficiency 

the reservoir fluid is allowed to displace completely the wellbore fluid, 
after which the rest of the producing interval is perforated. This 
procedure insures total compatibility between the reservoir and the well- 
bore fluid at the time of perforating,. thereby minimizing the probability 
of format i on damage. 

exhibit various degrees of permeability it is advisable that perforations 
be placed preferentially in the most permeable layers. These can be 
determined from the open hole Repeat Formation Tester measurements and 
1 og interpretation. 

Perforating General Recommendations. * 
There are many aspects of the perforating operation that deserve 

careful planning. The perforated interval(s) must be chosen based on 
production-reservoir considerations. We1 1 completion conditions must be 
planned to assure best perforation response. A suitably performing gun 
must be chosen to satisfy well environmental conditions of fluid type, 
pressure, temperature and mechanical requirements. Pressure control 
aspects must be considered. A service company must be chosen, one with 
the necessary modern equipment, techniques and properly trained personnel 

In considering 
cost, it should be borne in mind that the least expensive perforating 
operation is the one that is conducted properly, according to the design 
of the completion--on the first attempt. 

The following out1 ines some general recomnendations aimed at proper 
choice of technique and equipment in the interest of balancing cost, 
perforation performance and mechanical aspects: 

Since the producing interval is relatively thick and probably will 

Cost is an important factor in these considerations. 

qrom "Gun Perforating" by W. T. Bell, Schlumberger Well Services 
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To minimize r i g  costs, remove the r i g  from the wel l  and per- 
fo ra te  through tubing. 
For best perforat ion performance, shoot under reverse pressure 
conditions t o  achieve a maximum ef fect ive shot density. 
I n  perforat ing through-tubing, u t i 1  i z e  a posi t ioning device 
t o  assure optimum gun performance. 
If perforating under posi t i v e  pressure conditions, avoid mud 
shooting and subst i tu te  s a l t  water, o i l  o r  completion f l u i d .  
Minimize i n f i l t r a t i o n  time i n t o  perforations. I f  wel l  response 
i s  not a5 expected, reperforate through tubing. 
Use only charges o f  more modern design f o r  cleanest perforations. 
I n  choosing gun size, use the largest gun avai lable for  the 
par t i cu la r  casing o r  tubing t o  achieve maximum performance. 
Choose a gun type tha t  best sa t i s f i es  w e l l  conditions. Give 
primary consideration t o  running the steel re t r ievable types 
which leave no debris, produce no casing deformation o r  damage, 
are the best i n  terms o f  mechanical character ist ics (ruggedness) 
and more of ten than not r e s u l t  i n  time savings. 
Assure tha t  appropriate we1 1 head pressure control  equipment 
and techniques are employed i n  the in te res t  o f  safety. 
To assure t h a t  perforat ions are properly placed, i n s i s t  on good 
depth control  techniques and adequate documentation. 

The preceding discussion out1 ines the general d r i l l i n g  and completion 
procedure which, a t  t h i s  time seems t o  sa t i s f y  the pr inc ipa l  objectives 
o f  the project :  Obtain accurate information regarding the character ist ics 
and the potent ia l  del iverabi  1 i ty o f  geopressured geothermal reservoirs. 

o f  the various d r i l l i n g  and completion tasks. 
The fol lowing char t  ( f i g .  7) i l l u s t r a t e s  the probable time sequence 
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CHAPTER 111 

WELL PERFORMANCE. 

The general concept of well performance encompasses t real tions h i  p 
between surface flowing conditions (pressure and flow rate the performance 
of the wellbore (vertical flow) the bottom hole conditions and the reser- 
voir performance. Generally these relations are exp sed i n  terms of 
productivity of the well i n  the case of single phase ow, or  i n  terms of 
an Inflow Performance relation for two phase flow and other complex flow 
conditions. These -relations .a1 low the establishment of the correspondence 
between surface flowing pressure and flow rate. 

formance has t o  be broadened t o  include effects of rate of production on 
compaction, subsurface subsidence, movement o f  fluids i n  adjacent forma- 
t ions,  production of sol ids, changes i n  composition of produced fluids 
and changes of reservoir flow properties as a function of pressure, 
changes i n  formation mechanical properties, and surface effects of corn- 
pac ti on. 

Therefore i t  becomes apparent tha t  the solution of the problems of 
we1 1 performance requires interaction of various phases including geo- 
thermal reservoir analysis, well testing, formation evaluation, pro- 
duction monitoring, sampling and logging, and surface monitoring and 

The necessary steps and plans for the successful solution of 
this problem can be established w i t h  accuracy only after complete defi- 
ni t ion of the, t es t  s i t e  and once. reservoir parameters have been obtained 
from cores and well logs a t  the time of completion. 

preliminary considerations of the general character- . 

i s t ics  of the geothermal resource have resulted i n  the following guide- 
lines for  definition of well performancer 

However i n  the case of the geothermal tes t  well, the concept of per- 

WEL 

The concept of well es t  has been developed t o  include a specified 
sequence of flowing and s h u t i n  periods designed t o  establish the flow per- 
formance and volume characteristics o f  a porous reservoir. Various 
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methods and techniques have been devised depending on the nature of the 
flowing fluids ( l i q u i d s ,  gases or  both) and the properties of the for- 
mation (porosity, permeability, homogeneity, etc.). The various methods 
can be broadly classed as: 

1. Pressure drawdown tes ts  
2. Pressure bui ldup tests 
3. Variable rate tes ts  
4. Pressure puls ing tes ts  

The number and length of tes ts  depends on the accuracy w i t h  which 
one wishes to determine the reservoir parameters as well as the uncer- 
ta in ty  of the reservoir mechanism. The larger the number of unknown 
formation parameter the more complex dnd lengthy the testing procedure. 

Techniques have been developed t o  establish formation parameters 
from single well tests by observing the pressure-rate response a t  the 
sand face. T h i s  requires monitoring or flowing bottom-hole pressure as 
a function of time for various flow rates (including shut i n ) .  From 
the pressure-time recoridng thus obtained and knowledge of the rate and 
length of the flow period i t  is possible t o  estimate the formation's kh 
(permeabili ty-thickness) parameter. T h i s  however requires a knowledge 
of the formation's porosity t o  insure t h a t  the tes t  length is sufficient 
t o  yield meaningful results. 

Other types of tes ts  involve two or  more wells, allowing the obser- 
vation o f  pressure-time relations a t  various poin ts  of the reservoir as  
a function of f l u i d  production from the reservoir. These tests naturally 
yield more information' regarding the reservoir properties i n  between we1 1s 
and are absolutely a mus t  i n  the case where reservoir inhomogeneity is an 
imporant factor, or  the adjacent reservoir may contribute to the formation 
production. 

Test interpretation techniques can be enhanced through numerical 
reservoir models which can simulate the pressure response corresponding 
t o  the tes t  flow schedule. The reservoir parameters are adjusted so t ha t  
the model rep1 icates the observed pressure response. 

obtained from well tes ts  are total ly  dependent on: 

, 

I 

I t  is therefore apparent tha t  the accuracy of reservoir parameters 
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I 
~- 1. Accurate pressure measurements during the tests. L J  - 

2. Accurate 'knowledge o f  basic formation properties (porosity, 
permeabi 1 i ty , 'saturation, re1 a t i v e  permeabil i ty , f 1 u id  
properties). 

3. Proper understanding o f  reservoir  mechanisms and 
4. A v a i l a b i l i t y  o f  reservoir  simulator. 

The following sections discuss some o f  these aspects i n  de ta i l .  
Section I 1  describes guidelines f o r  obtaining accurate f l u i d  samples 
and composition. Section III describes the formation's mechanical 
behavior and ' i t s  ! in teract ion w'ith f l u i d  flow and production as wel l  
as ou t l i n ing  necessary research i n  t h i s  area. Section I V  describes 
aspects of numerical simulation o f  geothermal geopressured reservoirs. 
Appendix I e  describes equipme d f o r  'continuous monitoring of 
wel l  performance. ' 

FLUID SAMPLING 

Various methods and techniques ,are i l a b l e  t o  undertake sampling 
o f  reservoir  f lu ids ,  a t  various ,stages he l i f e  o f  a flowing well .  
I n  the proceedings o f  the F i r s t  Geothermal Confereqce was described i n  
d e t a i l  the d r i l l  -stem' tes t ing  tech formation test ing and f l u i d  
sampling, and therefore i t  w i l l  not be repeated here. 

the objective being t o  

evaluate the geothermal resource, wel ls w i l l  be completed (casing run, 
cemented and pe rated) thereby c a b i l i t y  of d r i l l  
stem tes t ing  which i n  essence i s  a ompletion. F lu id  
sampling -is -therefore expected t o  take place a f t e r  i n s t a l l a t i o n  of the 
w e l l  head and uring, the test ing phase. 

s.mentioned in .the completion section o f  t h i s  
i t  w i l l  be advantageous from .the standpoint o f  optimizing the com- 
p le t ion  performance, t o  have pre l  iminary know1 ge regarding f l u i d  pro- 
per t ies and -above a l l  an ind icat jon o f  formation permeability. For 
t h i s  reason i t  i s  
duction casing a .number o f  pressure measurements and prel iminary f l u i d  
samples be made using a wi re l ine formation tester  (Repeat Formation 

In the case o f   the geothermal tes 

a t  p r i o r  t o  the i n s t a l l a t i o n  o f  the pro- 

ki 
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Tester ). The information thus obtained w i l l  enhance the planning o f  
subsequent sampling operations. Appendix I V  presents a detai led d is-  
cussion o f  the operation and appl icat ion of such an instrument. 

PRODUCTION LOGGING 

The logging industry has developed a series o f  too ls  designed t o  ob- 
t a i n  information regarding the performance o f  f lowing wells. 
too ls  al low the determination o f  f low rates, f low veloci ty,  entry o f  
f l u i d s  i n t o  the wellbore, d i s t r i bu t i on  o f  f lowing f luids, locat ion o f  
perforations, temperature d is t r ibut ion,  and other parameters tha t  through 
proper in terpretat ion y i e l d  information about the f lowing performance of 
the well .  

geothermal geopressured we1 1s: 
resolut ion thermometer. A b r i e f  descript ion o f  each, w i th  sample 
appl icat ions f o l  1 ows . 

These 

Two o f  such tools are pa r t i cu la r l y  indicated f o r  the study o f  the 
the continuous flowmeter and the high 

The Continuous Flowmeter. 
The continuous flowmeter measures the ve loc i ty  o f  the f l u i d  w i th  

a spinner velocimeter. The f l u i d  ve loc i ty  i s  re la ted t o  the volumetric 
f low ra te  from the well .  The flowmeter i s  cal ibrated by’ the i n  s i tu .  
technique. This consists o f  recoridng the too ls  response i n  revolut ions 
per second (rps) while moving a t  several known absolute veloci t ies,  both 
up and down, w i th in  the moving column o f  f l u i d .  
exact relat ionships can be established between the rps o f  the too l  and 
f l u i d  ve loc i ty  i n  ft/min. Thus the logs contain t h e i r  own ca l ib ra t ion  
data as wel l  as the data needed f o r  analysis. 

To corroborate and support the cal ibrat ion,  readings are also nor- 
mally taken a t  several points i n  the wel l  w i th  the too l  stopped. 

Fig. 8 shows the bottom o f  a well  where water i s  being produced 
from three sets o f  perforations. Stationary f low meter readings are 
taken between perforat ions a t  points A, B, C, and D. Readings taken 
w i th in  perforated sections may be affected by loca l  turbulence. 

i s  constructed f o r  the four stat ions (Table I V ) .  Note the negative spin- 

From these recordings, 

From the log  a table o f  various spinner speeds and cable ve loc i t ies  

\ 
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I FULLBORE-SPINNER 
FLOWMETER I -  

I 

F1 owmeter in a dumpf 1 ood 

*Reproduced from "Production Logging" by Schl umberger. 
L d  
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ner speeds f o r  the curves marked "reversed". These represent runs where 
the too l  t ravels  upward from the bottom a t  a constant speed. It i s  a t  
f i r s t  moving faster, then a t  the same speed, and f i n a l l y  slower than the 
water. 

Next the values of cable ve loc i ty  and spinner speed are p lo t ted 
(fig. 9). The slope of the -- i n  s i t u  ca l ib ra t ion  l i n e  i s  the f low response. 
The calculated response should be s u f f i c i e n t l y  close t o  laboratory values. 
A new spinner should give between 4.50 and 4.70 rps per 100 f t /min f o r  
water. Once established the f low response o f  a given spinner should re- 
main essent ia l ly  constant. 

For s ta t ion  D the -- i n  s i t u  ca l ib ra t ion  has two segments: one w i th  
pos i t ive and the other w i th  negative spinner speeds. The dif ference 
between the x-axis intercepts o f  these two l i nes  i s  twice the va.lue o f  
the threshold f l u i d  velocity, vx. That i s ,  the ve loc i ty  necessary t o  
i n i t i a t e  spinner movement. Where -- i n  s i t u  ca l ib ra t ion  i s  possible t h i s  
method gives the best value o f  vx obtainable from production logs. 

constructed para l le l  t o  the l i n e  established from the reading a t  Stat ion 
A ( f i g .  10). 
f a s t  enough t o  establ ish the l i nea r  response f o r  negative spinner speeds. 
When t h i s  happens the volue vx must be estimated i n  the range of 6.0 ft/ 
min f o r  water. 

F lu id  ve loc i t ies  a t  stat ions A, B, and C are determined, as shown 
by the dashed-lines, by s ta r t i ng  from the in tersect ion of the -- i n  s i t u  
ca l ib ra t ion  l i n e  f o r  the s ta t ion  and the y axis (where cable ve loc i ty  
i s  zero), passing hor izonta l ly  t o  the f low response l ine ,  and then going 
v e r t i c a l l y  downward t o  the f l u i d  velocity. The measured value i s  near 
the maximum f l u i d  velocity, since the measurement i s  taken near the 
center o f  the pipe. The average f l u i d  ve loc i ty  (which determines f low 
ra te )  i s  some f rac t ion  o f  the maximum f l u i d  veloci ty,  depending on the 
nature o f  the f l u i d s  and whether the f low i s  laminar o r  turbulent. The 

Using vx as the ve loc i ty  axis intercept, a f low response l i n e  i s  

I n  some cases i t  i s  not feasible t o  run the too l  upward 

scale a t  the bottom o f  the f igure  shows correct ion factors (cv 's)  from 
0.79 t o  0.87. The f igure  l i s t s  f low rates f o r  the commonly used cv o f  
0.83. 

This type of analysis not only determines f low rates, but i s  an 
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Figure 9. Plot of readings from Stations A, B, C ,  and D..*  

*Reproduced from "Production Logging" by Schl umberger. 
w 
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TOOL VELOCITY, f t /min Up+ 

Figure 10. Flow-rate determination for Stations A, B ,  and C.*  

*Reproduced from "Production Logging" by Schl umberger. 
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excellent check for mechanical failures: tub ing  leaks, casing leaks, 
packer failures, etc. Where the surface flow rate, converted to down- 
hole conditions, does not check the downhole flow rate, spurious pro- 
duction o r  th iev ing  may be occurring. 

Production Logs--Temperature Logs. 

can yield much useful ifnormation 
ature anomalies produced by'fluid flow either w i t h i n  the casing or  i n  
the casing annulus, and this is very useful for detecting the la t ter .  
Temperature log interpretations are also used to determine flow rates 
and points of f l u i d  entry or exit. 

for 10, 100, and 1,000 days. 
af ter  15 days for a well making 200, 400, and 80 bl/D. In both of 
these cases the entering fluid has the same temperature as the forma- 
t i o n  of the zone of entry. In every case the well is in i t ia l ly  a t  
geothermal temperatures. " .  

hotter than the original s h u t - i n  fornation temperature. . Liquids may 
also be heated as they are produced. Fig.  13 shows, the temperature 
responses of f l u i d s  that are cooled 
the casing. 

F ig.14 shows that the temperatu 

b, 

Temperature logs r u n  while well is producing a t  stabilized rates 
The Thermometer responds to  temper- 

, 

Fig. 11 shows the temperature response for a well making 400 bbl/D 
ig . .  12 shows the temperature response 

The f l u i d  entering the wellbore can however, be either colder or 

hanged, or  heated as they enter 

g will respond t o  downhole 
f 1 ow even though the well is shu 
water enters the casing through 

n a t  the surfac 
ea'k a t  6500 ft. 

In this case the 

enter the perforations from 85 
downward to 



TEMPERATURE IN *F I 

d I 

Figure 11. Producing well: Temperature Logs with various times o f  
Production.* 

TEMPERATURE IN *F I 

Li 

Figure 12. Producing we1 1 : Temperature Logs with various f 1 ow rates. * 

L, 
*Reproduced from "Production Logging" by Schl umberger. 
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TEMPERATURE tu .F 

expanded below / 

' .  

Figure 13. Producing well : Temperature Logs with various entry-fluid 
temperatures. Top-surface-toTD logs. Bottom--expanded 
view o'f the producing interval.* 

*Reproduced from "Production -Logging" by Schl umberger . u 



52 

TEMPERATURE IN Y 
10 ql Ip Ip lyo rgo IC qo 2-p 

WELL SHUT IN AT SURFACE 
WATER ENTRY AT 6500' 
MMMFLOW 
WATER EXIT esOOJT0 8700' 

'\ \\\\ 

M 
\ 
\ 

Figure 14. Temperature Log showing a down-flow in a shut-in well.* 

*Reproduced from "Production Logging" by Schlumberger. 
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Producti n Logging Recommendations. 

new well t o  evaluate its 
rify the integrity of the corn- ’ 

letion. The knowledge Production Logs may lead to dif- 
ferent completion techni 

rodoction Logs r u n  under 
s a basis for the inter- 

producing wells a t  the 
pretation of subsequent workover logs. 

duction Logs should be run  
anges. 
should be run  pe 

Even though the well wa 

Four th ,  the -performance o f  water-inject 

Third, Production l l y  on a well to 
cing as planned when monitor production. 

i t  was completed, it may not be doing so eriod o f  months’ or  years. 

in i t ia l ly  and monitored thereafter by means of Production Logs. T h i s  know- 
ledge of where the f l u i d  is going is of the highest  importance. 

d be analyzed 

s can be instrumental i n  this 

be i n  a stabilized 
r injecting). If 

ly w i t h  downhole flow rates. 
curate conversion o f  surface 
flowing conditions, the Pro- 

on Log analy needs t o  kno ol lowing: 
1. Gas gravity bb 
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2. Water salinity. 
Multiple Runs. Production-Logging . .  operations should be scheduled so as 
t o  provide for  multiple runs of each service. There are many reasons, 
varying w i t h  the tool and the nature of the problem, why such repeat runs 
are useful. Multiple runs a t  different speeds are, of course, essential for  
the proper i n  situ calibration of the Continuous Flowmeter and th’e F u l l -  
bore-Spinner Flowmeter. Additional runs w i t h  the well s h u t  i n  are very 
useful i n  calibration. 
Logging Intervals. As the unexpected often turns out  t o  be the normal, the 
various runs should be made over extensive lengths of the well below the 
tubing. In the case where t u b i n g  leaks are suspected, the Gradiomanometer 
and the Temperature Log should be run a l l  the way to surface. In fact ,  i t  
is advisable to r u n  the Temperature Log t o  surface i n  a l l  cases. 
convenience i t  may be recorded on temperature and depth scales o f  reduced 
sensitivity. 

STIMULATION 

For 

The d r i l l i n g  and completion procedures can be designed to minimize da- 
mage (impairment of formation flow efficiency) of the formation. However, 
the probability exists that i n  spite of a l l  precautions some damage will be 
affected i n  the vicinity of the wellbore. Also, i n  spite of the fact  that 
the geothermal tes t  s i t e  will be chosen to satisfy requirements of a certain 
permeability formation, some uncertainty will exist  ( u n t i l  the well will 
have reached the producing interval) as f a r  as the actual permeability of 
the formation. The possibility exists therefore that the formation pro- 
ducibility w i l l  be too low t o  satisfy the flow requirements imposed by re- 
source u t i  1 i zati on. 

I f  either o f  the above conditions are encountered i t  will be necessary 
to remedy the situation through formation stimulation procedures. One such 
method is hydraulic fracturing which has been undertaken successfully a t  
depths and i n  formations similar t o  those expected i n  this project. 

completion, t o  remove formation damage created during d r i l l i n g  and cementing 
operations, to obtain maximum natural productivity. The fracturing process 

I t  is f e l t  that  the hydraulic fracturing process may, be required, on 
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was also studied to  determine the degree of production increase that could 
be realized by removing the formation damage, p lus  s t imu la t ing  the i n  situ 
producing capacity of the. reservoir. 

I t  is  generally assumed that when a reservoir rock~ i s  subjected t o  
sufficient hydraulic force, i t  will rupture or fa i l  i n  a vertical plane. 
The vertical fracture plane will be of .a radial nature and grow radially 
u n t i l  confining barriers ’are reached and then’ two equal bu t  opposing ver- 
tical-linear fractures will’ be propagated. 

by creating deep, highly conductive fracture w i t h i n  the reservoir. These 
fractures’reduce the distance reservoir f lu ids  have to travel t o  reach the 
low pressure condition found a t  the wellbore. In order for  the fractures 
to be effective they must be initiated and propagated i n  the net producing 
intervals, and they must have almost infinite flow capacity. The fracture 
is held open after the hydraulic fractut-e treatment by the propping agents 
deposited dur ing  the fracturing operation. The earth’s forces tend t o  
close the fracture system, and the size and strength of the 
determine the resultant fracture‘ flow capacity. 

must be known to determine how t o  ,approach reservoir stimulation and t o  
what extent the fracturing process will increase production. 

depth of the proposed producing interval. The fracture closure 
s the reservoir hydraulic .fracture pressure less the bottom hole 

fracture gradient can .be calculated from logs 
s general ly-.determined just prior to the fracture 

The.hydrau1 ic  fracturing technique increases reservoir productivity 

pping agents 

The fracture closing pressure under stabilized producing conditions 

Reservoir hydraulic fracturing pressure 1s the fracture gradient 

stimulation operation by breaking down the formation w i t h  f l u i d  and cal- 
culating the pressure requlre for  fracture propagation. Since this is 
not possible for  the‘ proposed ocation, .the hydraulic fracture gradient 
was calculated using Poisson’s ra t io  of 0.3, bottom hole pressure of 
15,300 psi, depth of 18,000 Calculations indicate a minimum gra- 
d i e n t  :of 1 .O ~psi/foot of depth. The closure pressure would then cal- 
culate to be 8,487 psi under a bottom hole producing pressure of 9,513 p s i .  
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The closure pressure o f  8,487 ps i  i s  an extremely high value and 
commercially avai lable propping agents are not avai lable tha t  can with- 
stand these forces and s t i l l  provide high fracture f low capacity. 
search w i th in  the industry i s  working t o  develop high strength propping 
agents, strong enough t o  provide high fracture f low capacity under these 
high load conditions. This research indicates tha t  i n  the near future 
propping agents w i l l  be avai lable strong enough t o  withstand these high 
closure forces, allowing deep penetrating fractures t o  be e f fec t i ve  i n  
increasing reservoir  producing capacity by a fac to r  o f  two and one-half 
(2.5) t o  three (3). 

A t  the present t ime, u t i l i z i n g  present technology and materials, the 
f ractur ing process can remove formation'damage tha t  remains a f t e r  perfor- 
a t i ng  and ac id clean-up treatments, plus increasing the natural undamaged 
product iv i ty  by a factor o f  one and one-half (1.5). Thfs w i l l  be accom- 
pl ished by creat ing hydraul ica l ly  two equal but opposing ver t i ca l  frac- 
tures and propping the induced fractures a distance o f  two hundred and 
s i x t y  four  (264) f ee t  f rom the wellbore (10% o f  drainage radius). This 
f low system wi th in  the reservoir  would provide production rates o f  3895.10 
bbl/day/100 ft. o f  producing in terva l .  Assuming tha t  s i x  hundred (600) 
fee t  o f  producing sand i s  developed i n  the proposed well, proper completion 
would indicate a production rate o f  23,370.57 bbl/day. This would require 
only four  (4) t o  f i v e  (5) wells instead o f  seven (7) wells previously 
mentioned. 

The wells w i l l  have t o  be equipped wi th  large diameter tubing (5 1/2" 
minimum) t o  reduce producing f r i c t i o n  pressure, maintaining maximum 
pressure d i f f e r e n t i a l  under bottom hole f lowing conditions, t o  achieve the 
f low rates desired. 

The f rac  f l u i d s  are presently available, t o  create the required frac- 
ture ( f rac tu re  penetration and fracture width) and prop transport capacity, 
f o r  major reservoir  stimulation. 
be avai lable t o  provide high f racture f low capacity, making the deep pene- 
t r a t i o n  f rac tu r ing  technique successful i n  achieving st imulat ion increases 
tha t  are at t ract ive.  8. 

I n  the near fu ture propping agents w i l l  
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bubble-point a t  a given temperature, natural gas will come out of soluti n,  
accompanied by carbon dioxide, hydrogen sulfide and ammonia, i f  present. 
Cooling and depressuring may cause supersaturation t o  develop w i t h  respect 
to  si l ica and certain sal ts ,  w i t h  resulting precipitation. Subsequent . 

restoration of the sample t o  reservoir temperature and pressure would re- 
t u r n  the gases t o  solution i n  a reasonable length of time, b u t  the redis- 
so lv ing  of precipitates migh t  take a great deal longer and be much more 
d i f f i cu l t  t o  verify. 

serious errors from arising as a result of gas evolutio 
i ta t ion .  
t i a l  methods for dealing w i t h  them is one of the major purposes of this 
report. I t  is not intended here t o  speculate on the probable composition 
of the geopressured geothermal reservoir f l u i d ,  b u t  a review of the behav- 
ior w i t h  respect t o  decreasing temperature and pressure of the probable 
major constituents i n  the water will provide a basis for the design of a 
we1 1 sampl i ng program. 

Sampling procedures must therefore be designed which will prevent 
r solids precip- 

Identification of where these problems might  exist and o f  poten- 

On Dissolved Salts. 

Theories advanced i n  recent years t o  explain the existence of abnor- 
mally pressured (geopressured) sandstones i n  the coastal regions of Texas 
and Louisiana propose a freshening o f  the saline waters by expulsion o f  
essentially deionized water from adjacent shale beds as  a result o f  the 
transformation of montmorillonite t o  i l l i t e .  
the process, Jones stated t h a t  resulting salinites are decreased by 
50,000 mg/liter or  more from values otherwise t o  be expected a t  such 
depths and presented several examples of salinit ies less than  30,000 ppm 

14 i n  geopressured zones a t  depths greater t h a n  10,000 feet. Schmidt 
reported an ab rup t  decrease i n  total  dissolved solids a t  10,000 feet i n  
sandstones i n  the Manchester Field, Calcasieu Parish, Louisiana, from 
170,000 t o  about 20,000 mg/liter. 

If the reservoir fluids i n  such a situation are simply diluted by 
fresh water from the shale beds, i t  can be anticipated tha t  the principal 
ions i n  solution will be those of sodium and chlorine. The solubili ty of 
sodium chloride i n  water is so great tha t  i t s  crystallization from a rela- 

In a recent description of 
9 



63 

I 

i 

ccs 

tively 
of the 
nes i um 
ubl  e. 

pressuring is out 
alcium, w i t h  mag- 

re  a l l  highly sol- 

f calcium sulfate 
affected by de- 

m i  l arly increases 
phase as a result 

other major cati  

nate and sulfate, w i t h  

of decreased pressure would shift the carbonate-bicarbonate equilibrium to 
arbonate. If the magnesium and bicarbonate 

carbonate may exi 
water is. cooled 

and the pressure 01 ubl e ; the water 
may be close to s ure. Strontium sul- 

ould also exceed i ts  
ge amounts of carbon 

oncentrations 
ture and pressure 

t i n g  from evolution of 
i n  the precipi- 

12 concentratio res . In fa lubil i ty of quartz is 
hich the source temperatures 

6, 7, 10, 11 
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7 National Park, Fournier and Truesdell stated that, provided the activity 
of water is not greatly diminished at a given temperature, the solubility 
of quartz is independent o f  the local mineral suite, gas partial pressures, 
and other dissolved constituents commonly found in natural hot spring 
waters with pH less than about 8.5. In general it appears that changes 
in pH in the range of 2 to 9 will have little effect OR the solubility 
of silica in natural waters; above a pH of about 9, dissociation of the 
silicic acid to silicate anions is probably responsible for the sharp in- 
crease in solubility . 

The most soluble form of sitica is amorphous silica. At 25OC and 1 
atm., the solubility of quartz in sea water is about 0.1 millimoles/liter, 
while that of amorphous silica is about 1.8 millimoles/liter16. The solu- 
bil Sty of quartz increases slightly with increasing pressure. At about 
200°C and saturation pressure, the solubility of amorphous silica is 
approximately three times that of quartz". Fig. 1 provides a comparison 
over a wide temperature range. When an aqueous solution of silica is 
cooled, the solid phase which will spontaneously appear is not quartz 
but amorphous silica. Hot brines saturated with respect to quartz do not 
precipitate silica when cooled so long as the concentration does not exceed 
the solubility of amorphous silica. When this limit is exceeded, polymer- 
ization of the silicic acid monomer occurs to yield ultimately colloidal-. 
sized silica'particles. The rate o f  polymerization is slow at low temper- 
atures and very slow at both low temperatures and pH less than 7. High 
temperatures, high pH, and high degrees of supersaturation all favor an 
increased rate of polymerization to form amorphous silica. Monomeric 
silica may precipitate directly from solution if active sites (reactive 
OH groups) are present. 
faces, colloidal particles, or any amorphous si1 ica present can provide 
such a site. 

12 tate colloidal silica if it forms. 
However, the process is one comnonly characterized by large super- 

saturations. Wollast" stated that, unless a solid phase favorable to 
the nucleation of quartz is present, it is possible to maintain indefi- 
nitely a solution supersaturated with respect to amorphous si1 ica. The 
process of homogeneous nucleation may require supersaturation of several 

12 

Previously deposited si 1 ica scale, corroded sur- 

In addition, small amounts of polyvalent cations may precipi- 
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orders of magnitude. Even in the presence of quartz, the reprecipitation 
of dissolved silica must be con idered to be rapidly inhibited for low 
degrees of supersaturation. E eriments in which clay minerals were 

silica, with equilibrium being approached only after several thousand 
hours. 

Owed3 also cited reports of high supersaturations being maintained 
for long periods. One such case involved withdrawing a neutral solution 
containing 1800 ppm silica from a bomb at 31OoC through a steel condenser 
tube with subsequent storage for months at room temperature. No amorphous 
silica was precipitated and no scale formed on the condenser tube wall. 
In another instance, slightly acidic spring waters with 400 to 500 ppm 
si1 ica were stored for months at room temperature without polymerization 
o f  the silica. 

inadequate to predict the behavior of such complex systems. As an example, 
Owen13 cited the precipitation of amorphous silica from the Salton Sea 
Geothermal Field brine. At 5OoC, this brine is about 400% supersaturated 
with respect to amorphous silica. However, with the pH of 4.5 or less, 
polymerization rate should be low and immediate precipitation of amorphous 
silica should not occur. Owen proposed that an increased polymerization 
rate from increased pH (resulting from evolution of carbon dioxide and 
hydrogen sulfide gases), coprecipitation with sulfides and hydroxides, and 
promotion of polymerization by the chlorides of sodium, calcium, and potas- 
sium may all be responsible. In addition, colloidal silica that forms 
may be coagulated by electrolytes or precipitated by solid phases including 
particulate matter from the producing formation itself. On the other hand, 
an observation by Marsh, Klein, and Vermeulen12 may be pertinent. Above 
140oC amorphous silica is no longer metastable and is converted to quartz 
at an undetermined rate. It is therefore possible that quartz solubility 
is controlling at 14OoC and above. 

sible to estimate a silica content for the Kenedy County well of 150 ppm 
$io2 based on an estimated temperature of 29OoF and pressure of 11,700 
psia. 

added to silica-enriched sea wa f er showed a slow decrease in dissolved 

Unfortunately, simple solubility and kinetic considerations may be 

From the graph of silica solubilities presented in fig. 1, it is pos- 

For this concentration, saturation with respect to amorphous si1 ica 
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\I/ will not occur u n t i l  a temperature of about 95OF (a t  saturation pressure) 
is reached. Since only moderate cooling of the f l u i d  will reduce its tem- 
perature below 14OoC (284OF), amorphous s i l i ca  should be the solubility- 
1 i m i  t i n g  phase t as cool ing and -de-pressuring occurs. For conditions as 
extreme as 35OoF and 15,000 psia, the s'flica content would be about 250 
ppm Si02. Saturation w i t h  respect to amorphous s i l ica  would occur a t  

eothehal waters can be expected to  contain dis-  
solved methane and other ' l ight paraffin hydrocarbons, as well as carbon 
dioxide, possibly hydrogen sulfide, and perhaps ammonia. Although i t  is 
impossible to  predict 'the extent of the la t te r  constituents, there is good 
reason to expect considerable; of the, hydrocarbons as natural gas 
i n  solution. In gation involving hundreds of d r i l l -  
stem tests on wat s i n  the G u l f  coastal area of the 
United States, Bu 
of hydrocarens were dissolved i n  most of t h e  sampled waters. From 32 
drill-stem tests i n  25 wells completed i n  the FrIo formation of the upper 
G u l f  Coast of Texas,. -. -it was found-that" the bubble-point pressures of the 
sampled waters increased 1 inearly w i t h  depth and closely paralleled the 
hydrostatic pressure'in the form 
bubble-point pressure and hydros s u r e  ranged from 300 t o  400 psi 
a t  depths from about 3500 feet  to  8000 feet. The "ethane-plus" (paraffin 

, and Taggart' fnund that substantial amounts 

Differences between the median 

meth ased w i t h  depth, 
bei the total d i s -  

solved gas content, observed a t  a depth of approximately 7000 feet. 
The so lubi l i ty  of methane i n  water was s tudied  by Culberson and 

WcKetta' from 7 7 O  t o  34OoF and a t  pressures u p  to  10,000 psia. A t  a l l  
temperatures, solubility was found to  increase w i t h  increasing pressure, 
bu t ,  a t  a given pressure, solubility was found first to'decrease and then 
to increase w i t h  increasing temperature. Results were presented graphi- 
cally as shown i n  f ig .  2. Also presented was the popular and often-seen 
graph of methane solubi l i ty  i n  cu. f t . /bb l .  
14.7 psia), reproduced here as f ig .  3, The methane used i n  this study 

t h  volumes a t  W 
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was i n  reali ty a very lean natural gas, reported as 98.72% methane, 0.80% 
ethane-pl us, 0.27% nitrogen, and 0.21% carbon dioxide. 

3 Culberson and McKetta also s tudied  the ethane-water system over the 
same temperature and pressure range. Ethane solubi l i ty  exhibited a min i -  
mum and then maximum w i t h  increasing temperature a t  low pressures b u t  
showed a continual increase from 100' t o  34OoF a t  10,000 psia. A t  h i g h  
pressures, methane has several times the solubili ty of ethane, and i t  is 
reasonable to  expect that trend to continue to  the heavier paraffin hydro- 
carbons. 
more soluble than ethane, ethane more than propane, propane more than iso- 
butane, etc. 

carbon mixtures i n  water. Studied were methane-ethane, methane-propane, 
ethane-propane, and methane-ethane-propane mixtures a t  temperatures from 
1000 to 22OoF and pressures up to  8000 psia. They found that the mixture 
solubili t ies behaved i n  the same manner as that  of methane w i t h  respect to 
temperature and pressure bu t  also reported that the solubili t ies of the 
mixtures are greater than the solubili t ies of the pure components a t  the 
same temperature and pressure. Solubility of a natural gas (88.5% methane 
and 11.5% ethane-plus) i n  pure water was reported by Dodson and Standing 
a t  temperatures from looo t o  25OoF and pressures t o  5000 psia.(see f i g .  4). 
When these la t te r  data were compared by Culberson and McKetta w i t h  their 
data on the so lubi l i ty  of methane (actually a leaner natural gas), i t  was 
seen that the methane solubili t ies were somewhat higher a t  the higher 
pressures. 
i t  is  probably best to  accept the Culberson and McKetta data on methane 
solubility as the most reliable predictor for lean natural gases i n  pure 
water. 

5 of gases i n  an aqueous phase. The investigation by Dodson and Standing 
also included so lubi l i ty  of the natural gas i n  two brines, one w i t h  8,630 
ppm and the other w i t h  34,100 ppm total dissolved solids. 
were primarily sodium chloride solutions. ) The temperature range of this 
study was looo to  200OF. Based upon their observations, the authors pro- 
posed the linear correction factor t o  the solubility i n  fresh water shown 

In other words, a t  a given temperature and pressure, methane is 

1 Amirijafari and Campbell investigated the solubility of gaseous hydro- 

5 

4 

In view of these two seemingly conflicting pieces of evidence, 

However, i t  is  well-known that dissolved sa l t s  can a l te r  the solubility 

(Both brines 
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i n  f i g .  4. A t  30,000 ppm and 2500F, this correction is 0.90, indicating 
a 10% reduction i n  natural gas solubility i n  this brine from the value i n  
fresh water. 

With this information, it is possible to estimate the maximum amount’ 
of natural gas likely t o  be i n  solution i n  waters i n  the geopressured zone. 
Using the Kenedy County well as an example (2900F and 11,700 psia), extra- 
polation of the solubi l i ty  data i n  f i g .  2 gives a methane mole fraction of 
0.00660, or 48.6 cu. f t . / b b l .  If the salinity is assumed to  be 30,000 ppm 
a correction factor of 0.92 from f i g .  4 mus t  be applied to give about 45 
cu. f t . / bb l .  as the natural gas content corresponding to saturation under 
these assumed conditions. A t  35Q°F and 15,000 psia, about 75% more gas 
would be i n  solution a t  saturation. The effect of temperature and pressure 
reductions can then be estimated using either f i g .  2 or 3. 

SAMPLING TECHNIQUES 

There are three locations a t  which f l u i d  samples may be obtained: 
1. bottom-hole 
2. well-head 
3. separator 

Bottom-hole sampling is comnonly done either w i t h  a drill-stem sampling 
tool or a wire-line tool ,  both usually i n  .conjunction w i t h  formation test- 
i n g  and prior to well completion. After completion of the well, wire-line 
samplers of a different type can be used t o  obtain a f l u i d  sample from the 
well a t  or near the producing formation. Samples can also be withdrawn 
a t  thc well head (before the choke) and therefore a t  lower pressures than 
bottom-hole. The flowing well stream can be sampled indirectly by sampling 
gas and l i q u i d  streams from high-  and low-pressure separators and recom- 
bining (either physically or by calculation) on the basis of metered flow 
rates of each stream. 
cessively greater temperature and pressure changes i n  the sampled f lu ids .  
In addition, further changes must necessarily occur af ter  sampling. The 
severity of these changes and their  impact upm the goal of obtaining 
representative samples of the reservoir f l u i d  can be tentatively evaluated 
on the basis of the information developed i n  this in i t ia l  study. 

Clearly, the three possibilities represent suc- 
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Init ial  Bottom-Hole Sampl ins 
ttom-hole samples can be taken i n  conjunction w i t h  the 

formation testing conducted before the we1 1 i s  completed. Several, excel- 
lent drill-stem samplers are available for t h a t  purpose, some w i t h  two 
sample chambers and even one w i t h  an expandable chamber - to  reduce sample 
pressure before bringing t o  the surface. However, the new repeat formation 
tester wire-line. tool Of Schlumberger Well Services" appears t o  have a 
combination of features quite suitable for this operation. I t s .  pressure 
rating i s  20,000 ps i  and temperature ratin 350OF: The probe of the sampler 
contains a f i l t e r  which will exclude sand particles from the sampled f l u i d .  
Two sample chambers are provided, w i t h  sizes ranging from 1 t o  12 gallons. 
Samples from two different depths may be taken, or the f l u i d  taken las t  i n  
a single t e s t  may be'jegregated from t h a t  produced first. 'Since these 
samples will be contaminated by d r i l l i n g  mud f i l t r a t e ,  this las t  'feature 
may be particularly .useful. 

possible t o  determine the.extent of dilution of these first samples w i t h  
mud f i l t ra te .  A tracer must be chos 
tively determined a t  low levels of concentrations. I t  must of course be 
unaffected by h i g h  temperatures land pressures, be compatible w i t h  the 
d r i l l i n g  mud, and t react w i t h  mineral components i n  the formation nor 
interfere w i t h  logging.' 

result, the' sampl If a pure water sample were 
taken a t  29OoF and 11,700 psia i n  a stainless steel bomb and cooled, by 
the time the temperature of i 
phase would have evolved. Th 
samples wi1 I be iluted w i t h  f i l t r a t e ,  ri ga 
cooling ' a t  the surface. i though bubble-po pressures will b 

, The in i t i a l  

By'tagging'the drilling mud w i t h  a suitable t r icer ,  i t  should be 

which i s  capable of being quantita- 

As the sampler i s  brought t o  the surface, ' i t  w i l l  cool and as a 
ressure- w i  11 decrease 

contents reached about '200°F, a vapor 
t is-certain t h a t ,  even though the 

hase will evolve 

he concentrations of 's i l ica and sal ts ,  so t h a t  

of the -sampl e ch ers will have t o  be transferred 
suitable contain or directly i n t o  an analytical 

However, because of the phase separa- 

train, or  a'combination of both. This transfer should be carried out as 
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quickly as possible to  minimize the opportunity for s i l i ca  or sa l t s  to (ti; 
deposit on the walls of the sampler and transfer lines and for corrosion 
t o  occur. 

After the well has been completed and produced for a sufficient time 
t o  f l u s h  a l l  f i l t r a t e  from the formation, a different type of wire-line 
sampler can be used. T h i s  sampler is  lowered down the production casing 
of the well to  a po in t  a t  or near the producing formation, opened by a 
control from the surface, and allowed to  f i l l  w i t h  the geothermal water 
a t  essentially the reservoir temperature and flowing (or shu t - in )  bottom- 
hole pressure. I t  would be desirable to equip this sampler w i t h  a f i l ter  
to exclude particulate matter from being taken w i t h  the sample. 

that this sampler be partially pre-filled w i t h  an alkaline EDTA solution 
(ethylenediaminetetra-acetic acid). T h i s  technique will accomplish three 
objectives simultaneously : 

Scientists w i t h  the Radian Corporation, Aus t in ,  Texas, have'suggested 

1. 
2. 
3. 

i t  will dilute the sample ini t ia l ly  
the increased pH will render the s i l ica  more soluble 
the EDTA w i l l  complex a l l  multivalent cations, the sulfates, 
carbonates, and even s i l icates  of which might  otherwise tend 
to precipitate upon cooling and depressuring the sample. 

O f  course, the amount of EDTA solution placed i n  the sampler must be accu- 
rately known so that concentrations determined by analysis can be related 
t o  the formation f l u i d .  

When this sampler is brought t o  the surface, i t s  contents are also 
certain t o  be i n  a two-phase (vapor and l i q u i d )  s ta te  upon cooling. As 
w i t h  the in i t ia l  bottom-hole sample, i t  may be desirable to transfer the 
contents of the sampler quantitatively and rapidly t o  other suitable con- 
tainers or  an analytical train. However, if  corrosion is deemed not to be 
a problem,. this sampler could be transported t o  the analytical laboratory 
where the transfer can be made more conveniently and where i t  may even be 
feasible t o  re-pressure the contents and restore the gases to  solution. 
I n  such a case, aliquot portions of the sampler's homogeneous contents 
could be withdrawn for analysis. 

- 

L 
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We1 1 -Head Sampling 

s ta te  well-head temperature for the Kenedy County t e s t  well will be about 
279OF and well-head pressure about 6200 psia (for a %lo casing). A t  a - 

40,000 B/D rate, temperature will rise to about 287O F and pressure 
decrease to about 3600 psia. A t  I the -lower production rate, assuming 
equi l ibr ium is maintained as gas i s  evolved, only about 1% by volume of 
the flowing stream will be vapor. Higher formation pressures would result 
i n  higher well-head pressures a t  the same production rate,, so that the 75% 
more gas potentially i n  solution a t  350°F and 15,000 psia would not neces- 
sa r i ly .  correspond to higher vapor fractions i n  the flowing stream. In 
either case, no significant concentration of the dissolved s i l i c a  or  sa l t s  
should occur, as vaporization of water under these conditions should be 
negligible. I t  should,  therefore, be ible w i t h  a properly designed 
sampling port t o  collect a representat 
well-head conditions. 

will undergo a decrease 
i n  pressure as ,cooling to  ambient temperatures occurs .. By .virtue of the 
evolution of the dissolved gases, appreciable 'pressures can be expected 
af ter  cooling, probably higher than 2000 psia if  the water is close to  
saturation a t  reservoir conditions. A t  this pressure level , most 

A t  a production rate  of 10,000 B/D, it has been estimated t h a t  steady- 

sample-of the well stream a t  

A sample so collect 

tee1 surfaces 

Even if cooled below that saturation temperature, homogeneous nucleation 

the sampl e ' bomb 
I t  therefore seems feasible t o  transport such a sample i n  i t s  original 
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sampling bomb t o  a laboratory where i t  can be restored to  reservoir temper- bi 
ature and re-pressured u n t i l  a l l  gases return t o  solution. A t  this poin t ,  
portions could be transferred t o  viscometer, P-V-T ce l l ,  or other apparatus 
for needed physical properties measurements. Obviously, the contents could 
also be sampled for  a complete analysis of the geothermal water. For the 
physical property detemiinations, this approach may be a preferable a1 ter- 
native t o  reconstituting the brine from i ts  analysis or using empirical 
correlations 

to be designed and fabricated. Corrosion resistance requirements may dic- 
tate special alloys or  perhaps Teflon coatings. 'The sampler should incor- 
porate a f loat ing piston t o  reduce tendencies for vapor t o  "flash" as the 
stream ini t ia l ly  enters the sampler, or a l i q u i d  piston such as mercury or 
even d i s t i l  led water could be used, w i t h  appropriate sampling techniques 
accordingly devised. A f i l t e r  (or f i l t e r s )  should be included i n  the 
sampling line to exclude particulate matter suspended i n  the well stream, 
and provision for  line purging must be made. To minimize cooling o f  the 
sample, an insulating or  even heating jacket may be provided for the bomb 
during its transport t o  the laboratory. Since i t  will remain under pres- 
sure, sui table personnel protection should be provided. 

Separator Sampl ing  
The well stream, after passing through an adjustable choke, w i l l  

enter a separator where dissolved gases and some water vapor w i l l  evolve, 
T h i s  high-pressure separator w i l l  probably operate i n  the pressure range 
from 2000 t o  5000 psia.. Even a t  the lower pressure, appreciable amounts 
of gases w i l l  be dissolved i n  the effluent l i q u i d  stream, which will 
therefore have to  be diverted t o  a low-pressure separator, essentially a t  
atmospheric pressure. If the vapor and l i q u i d  streams from both separa- 
tors are metered and analyzed, the compositi of the well stream can be 
cal cul a ted . 

Since both cooling and pressure reduction occur prior t o  the taking 
af the sample, this method offers the greatest opportunity for solids t o  
be lost ,  that is, t o  accumulate w i t h i n  the separators. Periodic s h u t -  
downs and.visua1 examination of the separators may serve t o  verify the 

The sampling. technique described here may require a special sampler 

L,! 
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presence o r  absence o f  t h i s  problem, but, i f  i t  i s  present, correction o f  
the resu l t i ng  errors may be d i f f i c u l t .  However, the determination o f  the 
dissolved hydrocarbon content- from separator stream analyses should be as 
r e l i a b l e  as from the other . .  sampling methods. 

li 

SAMPLE ANALYSIS 
The analy t ica l  m here are those p osed by sc ient is ts  

' o f  the Radian Corpora xas. Liquid samples w i l l  be i m e d i -  
a te l y  d i l u t e d  upon co ent p rec ip i t a t i on  o f  any sol ids. 
Uhere i t  was impossib r t i c u l a t e  matter from the sample, 
l i q u i d  samples w i l l  b d i l u t i on .  Vapor samples w i l l  be 
cooled t o  condense wa he condensate w i l l  also be analysed 
f o r  dissolved gases. Analyses w i l l  be conducted w i th  a combination o f  wet  
methods, gas chromatography, atomic absorption spectrometry, spec i f ic  i o n  
electrodes, and spark source spectrometry. Application o f  these methods 
t o  vapor and l i q u i d  samples i s  Characterized b r i e f l y  by the fol lowing 
summaries. 

apor samples w i l l  be passed through an absorption t r a i n  which w i l l  
be used' t o  c o l l e c t  ammoniii, hydr 
mination as indicated below, 

f ide,  and carbon dioxide f o r  deter- 

e absorption t r a i n  

u 
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Liquid Sample L; 
Trace hydrocarbons and dissolved gases can be detentiided by using 

s l i g h t  modifications o f  the procedures described above. Concentration 
techniques w i l l  be employed as needed t o  enrich trace organics. Spark 
source mass spectrometry can be used t o  survey the 60 elements normally 
detected w i t h  s l ight ly  better than order-of-magnitude accuracy. For any 
elements found t o  be present i n  significant amounts, an analytical proce- 
dure w i l l  be recommended a t  that time. Silica, C1-, CO;, SO;, Nai, K', 
Caw, Mg*, Al*, and iron can be determined quantitatively by such 
commonly used procedures as atomic absorption spectrometry and specific 
ion electrodes supported by classical techniques. Dissolved solids , total 
carbon, and total organic carbon can also be determined. 

CONCLUSIONS 
1. 

2. 

3. 

4. 

The Schlumberger repeat formation tester is capable of performing 
the ini t ia l  bottom-hole sampling i n  conjunction w i t h  testing. 
Since samples so taken w i l l  be contaminated w i t h  d r i l l i n g  mud f i l -  
t ra te ,  the f i l t r a t e  should be tagged w i t h  a tracer so the extent of 
dilution can be determined. Information obtained from these samples 
will be useful i n  planning for the succeeding types of sampling. 
After completion of the well, bottom-hole f l u i d  samples can be taken 
i n  a wire-line sampler partially filled w i t h  alkaline EDTA solution 
to comp'lex multivalent cations and increase s i l i ca  solubility. A 
conventional sampler will probably have to  be modified for this 
purpose. 
During production testing, a high-pressure well-head sample can be 
taken which, through proper handling, should be capable o f  being 
restored t o  its original s ta te  a t  reservoir conditions for physical 
property measurements as well as analysis. A special sampli 
will have to be provided, .and ki sample bomb will have t o  be designed 
and fabricated for this purpose. 
Measurement of flow- rates and composi tionr of gas and brine streams 
from high- and 1 ow-pressure separators w i  11 a1 1 ow calculation of 
we1 1-stream composition. An accurate hydrocarbon content can be 
determined by this method, b u t  some solids may tend to accumulate 

I t  is expected that this sample will be the most reliable. 

Ll 
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us i n  the separators as the brine is  cooled and concentrated. 
5. Precipitation of dissolved s i l ica  will not be a problem u n t i l  

saturation w i t h  respect to amorphous s i l i ca  develops, b u t  care 
should be taken.to exclude clay particles and sand grains from the 
sample containers or to remove t h e m  from the l iqu id  samples promptly. 
Surfaces i n  the samplers should be free of corrosion. 

6. With the decrease i n  temperature and pressure, preciptation of 
calcium carbonate is l ike ly  to  occur unless samples are sufficiently 
diluted or the calcium complexed w i t h  EDTA. 

7. Vapor samples can be analyzed for l i g h t  hydrocarbons, carbon dioxide, 
hydrogen sulfides ammonia , and the rare gases. 

8. Brine samples can be analyzed for a l l  major anions and cations. 
Spark source spectrometry can be used to survey 60 elements t o  
identify which minor constituents are present i n  sufficient concen- 
trations to warrant detailed analysis. 
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I NTRODUCT I ON 

The control l ed  explo i ta t ion o f  a geopressured, geothermal reservoir 
w i l l  depend upon the a b i l i t y  t o  predict  the behavior o f  the reservoir  rock 
under conditions o f  varying pore pressure and temperature together w i th  
the a b i l i t y  t o  assess the s t a b i l i t y  o f  the overlying rocks and the extent 
of any surface manifestations o f  the exploi tat ion.  

I n  i t s  most general terms the reduction o f  pore pressure i n  a geo- 
pressured reservoir  w i l l  lead t o  an increase i n  the e f fec t i ve  stress on 
the rock, and hence a compaction o f  t h i s  material wi th  consequent reduc- 

be uniform, and s ince ’ in  general the r o  
isot rop ic ,  t h i s  compaction w i l l  be non- iform. This increase i n  effec- 
t i v e  stress and the consequent compaction w i l l  induce non-uniform defor- 
mation o f  the immediately overlying s t ra ta  which may be expected t o  induce 
shearing stresses i n  the rocks and, i f  t ee o f  compaction and the 
depth o f  t h e  reservoir  are o f  the r i g h t  ay induce surface sub- 
sidence ( f i g .  1). 

Any var ia t ion i n  the temperature f i e l d  caused by f l u i d  withdrawal 
and any changes i n  pore pressure and temperature d i  s t rub i  ton induced by 
reintroduct ion o f  core f l u i d  w i l l  change the stress and deformation f i e l d s  
w i th in  the rock mass. 

I n  t h i s  context four major c r i t i c a l  conditions may be ident i f ied :  

permeability. Since the pressure change i n  the reservoir  w i l l  not 
w i l l  be neither inhomoqeneous nor 

1. 

2. 

3. 

W 

The change i n  f l u i d  flow behavior caused by compaction 
may s ign i f i can t ly  a1 t e r  the operational capab i l i t ies  
necessary for ecomonic exploi tat ion.  
The non-uniform de 
induce shear s 
lead t o  f rac tu r ing  o f  the imnediately overlying rocks , the 
development o f  shear fractures a t  the edges o f  the sub- 
surface subsidence trough, the occurrence of renewed 
movement on pre-exist ing fau l t s  and the possible loss of 
s t a b i l i t y  o f  the operational wel l  holes. 
Loss o f  s t a b i l i t y  o f  the w e l l  holes may occur w i th in  the 
reservoir  rock i t s e l f  due t o  deformation w i th in  t h i s  rock. 

verburden w i  11 
the extreme case, 
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IN OVERBURDEN AND 

Figure 1 .  The effects of reservoir exploitation. 

i 
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. Surface subsidence may lea t o  damage of surface instal 1 - 
ations .or features due t o  fferential settlement, lateral 

. -  u 
surface fracturing. 

of the relevant rock materials aimed’ a t  determining their  mechanical 
properties as functions of stress and temperature, together w i t h  the 
development of a mechanical modelling ability. This  section o f  the report 
is concerned w i t h  a closer examination of the likely rock behavior and an 
assessment of the most suitable methods for achieving these ends. 

THE MECHANICAL EFFECTS OF RESERVOIR EXPLOITATION 

These condition$ can only be fu l ly  assessed by a comprehensive study 

The Constitutive Equations for Rocks. 

The response of any rock material t o  change i n  stress i s ,  i n  general, 
of 1 oadi ng , temper- 

eoretical standpoint, 
e i n  a l l  bu t  the 

a near linear 

a relationship involving 

po in t  i s  linearly 

temperature, and 
Moisture content 

t is necessary, i n  
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Further complexities are added by the facts that rocks, being natu- L! 
rally occurring materials, are 1 ikely to be significantly inhomogeneous 
and frequently will be anisotropic. Large scale inhomogeneities, on the 
scale of lithological units, can usually be taken into’account in solving 
boundary value problems, but inhomogeneities within lithological units may 
rarely be included explicitly and must be incorporated implicitly by suit- 
able statistically based sampling techniques. It would, moreover, be 
meaningless to include such localized inhomogeneities explicitly since the 
likelihood of their being known over any particular site is extremely 
small. Anisotropy of the rock material may be included in general for 
any boundary value problems , particularly when using modern numerical 
techniques for their solution. 

Reservoir Compaction. 

The stress and deformation fields induced in elastic porous material 
by variation in pore pressure have been investigated by several authors, 
notably GeertsmaSS6, Biot7, Gassmann8, and Lubinski’. Geertsma has con- 
sidered briefly the effect of linear time dependance and Van de Knapp 
the effect of non-linear elasticity. In all cases a uniform pressure drop 
and simplified geometry has been assumed when applying the results to 
reservoirs . 

paction subsidence problem is to simplify the geometry. A disc-like 
reservoir is usually assumed since this allows the assumption of axial 
symmetry which in turn considerably Fimplifies the solution. Further 
common assumptions are of homogeneity, isotropy, and 1 inear elasticity for 
the reservoir rock and overlying strata, though the results may still be 
applied to a linear viscoelastic material by operation of the correspondece 
pri nci pl e. 

Geertsma uses these assumptions as a starting point for his solution 
for the deformation field in and around a disc shaped oil or gas reservoir. 
Using similar methods to those employed in thermoelasticity he formulates 
the problem in terms of a potential function and uses the concept of strain 
nuclei to obtain a solution. He finds that for a reservoir subjected to a 
uniform change of pressure, Ap, the vertical compaction will be given by: 

10 

The first necessity in formulating an analytical solution to the com- 

6 

b 
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w = C h A  m P  
Where Cm is the "uniaxial compaction coefficient" = l e -  

B is the ratio of the rock matrix to rock bulk compressibilities 
~.r is the bulk shear modulus 
v is the bulk Poissons ratio 
h is.the thickness of the reservoir 

The solution for a non-linear uniform pressure field, such as would 
be expected in an operating geopressured reservoir, is more compex and is 
in any case best obtained using numericdl techniques, which would also 
a1 1 ow the model 1 ing of non-simp1 e geometries ani sotropy and 1 imi ted in- 
homogeneity. However, some indication of the likely form of the stress 
and deformation fields within a reservoir subjected to a non-uniform 
pressure field may be obtained by examining the relevant field equations 
as applied to a simple case. 

stress equilibrium equations will apply. If we assume a general radial 
configuration for the likely pr ature and stress fields in a 
reservoir undergoing compaction ost conveniently written in 

Regardless of the behavioral characteristics of the material the 

the cylindrical coordinates (r, , z)  (fig.'2): 

- + -  1 - sure +~-  aurz f 'rr - . 'ee o, '1 ar r ae  a r 

Qrz 1 augz 
3r r ae - t -  

irst approximation w e  m onsider the pressure and stress 
at derivatives with respect to e 

u 11 will disappear, as will the shea ss components 're, ez . 
Moreover onents R, 8, Z will be given by: 



90 

X 

a.  Cylindrical coordinates (r ,  8 ,  L) related to  
the orthogonal system ( x ,  y, t )  

b. Stress components in cy1 indrical coordinates 

Fi gure 2. Stress components in cy1 i ndri cal coordi nates. 
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where f is the porosity, 
p is the pore pressure distribution. 
With these simp1 i fications the three equil i brium equations reduce to 

two : 

W 

u - u  aurr aurs + rr 00 = 
ar - +- r 

(2) 
ar as 

auzz 1 - +- + -  = o .  ar az r rz 

If it is further assumed that the vertical stress component uZz does 
hat auzz - o-- 

as 
IndeDendent of z and the reservoir thickness is small in relation to its 

. .  
areal extent--then the second o f  equation 2 yields the result: 

f .  (3) 

Where A is a function of Z only. 
For a linearly elastic material isothermal conditions , for 

hown that the constitutive relationship has the time bein 
the form: 

Where i, j = 1, 2, 3 

.J 
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, 

where again axial symmetry has been assumed. 
i t  follows that: , E From equations 3, 4, and 5 and wr i t ing  p = 

- A(Z)/P - + - -  ar az r 

Subs t i tu t ion  of equations 5 and 6 into the first of equation 2 
results i n  a differential equation involv ing  derivative of ur w i t h  
respect to  r only, and this is capable -of solution. The results are 
complicated, however, and do not add much to  the understanding of the 
phenomenon a t  this stage. 

Instead assume that = 0. T h i s  assumption requires that  

-p, = 0, and imposes restrictions on the form o f  the radial pressure 
field, and therefore involves considerable loss i n  generality. However, 
i t  enables a simple deduction of the general form of the vertical de- 
formation component and is useful i n  this context. With  this assumption 
equation 6 gives immediately: 

where C i s  a constant of integration. 
I t  is therefore apparent that for any particular set of conditions 

the shear stresses w i t h i n  the reservoir depends upon the radius, r, and 
will be a maximum a t  the operational well, and that vertical compaction 
is also dependent upon the radius and, depending upon the relative values 
of the function A(z) and the constant C,  will be either a maximum or a 
minimum a t  the operational well. 

radial deformation, these together leading to vol umetric changes. For 
a pressure withdrawal this volumetric change, and the accompanying 
porosity change, will be greatest near the operating well, that  is the 
area of maximum pressure drop. Any reduction i n  porosity will tend to 

T h i s  vertical compaction may be expected t o  be accompanied by some 

L 
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reduce'the permeability df the reservoir, and if  the maximum permeability 
change is near t h e  producing well this will have a possibly signficant 
effect on the overall flow regime. 

burden Behavior. 

Clearly the deformation of the fmmediate overburden may be expected 
to  be the same as that of the upper boundary of the reservoir. Since this 
deformation will be a function of the radial distance from an operating 
well and may be expected to  'be a -maximum or minimum a t  that we71, shear 
stresses will be induced i n  the overburden material. Continuing the 
assumption of axial symmetry and hence o f  zero tangential shear com- 
ponents,, and noting the orientation o f  .the principal' stresses, the maximum 
shear stresses are seen t o  be on conical surfaces concentric w i t h  the oper- 
ating well. The absolute value of these shear stresses will .depend u l t i -  
mately on the operating conditions and the properties o f  the rock mass. 
There is, however; a clear possibility of failure of the rock mass on 
these planes of maximum shear which requires evaluation. 

Subsidence. 

Examples of surface subsidence above compacting oil  and gas reser- 
voirs are few through sufficient examples have been reported to  necces- 
i ta te  the investigation 
pressure environment o f  geopressured explal ta t ion . 

this phenomenum, particularly i n  the h i g h  

The problem has bee examined theoretically by several authors, 
a l ly  Geertsma wh as a further par t  of the solution described. 
s t a r t  of ' the section on Reservoir Compaction showed that the. 

12,16 

6 

above the axis of a linearly e last ic  reservoir i n  a 

o numerous t o  
consider i n  detail here. The useful .,of these come from the classic 
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work o f  Berry and Sales l7 who re la ted the surface subsidence above a 
mined out panel t o  the mine roo f  deformation function, f o r  isot rop ic  and 
anisotropic e l a s t i c  media. Use o f  t h e i r  two dimensional theory f o r  a ~ 

t ransversely isot rop ic  medium could be used t o  give estimates o f  surface 
subsidence prof i les .  

These theories a l l  assume f i r s t l y  e l a s t i c  behavior, and secondly, 
t h a t  the surface subsidence through i s  continuous, t ha t  i s  t h a t  no surface 
fractures occur. However i n  the geological environment i n  which the geo- 
pressured reservoirs are found there i s  no cer ta in ty  t h a t  t h i s  cont inu i ty  
w i l l  be preserved. A d i s t i n c t i v e  feature o f  the Gulf Coast province i s  
the presence o f  growth faul t ing,  and these f a u l t s  may be expected t o  occur 
i n  the neighborhood o f  any commercial reservoir  and may, indeed, bound 
t h i s  reservoir.  I n  t h i s  case, and bearing i n  mind the shear stresses 
l i k e l y  t o  occur i n  the overburden, i t  would seem l i k e l y  tha t  a major 
factor i n  the development o f  surface subsidence w i l l  be movement along 
these planes of weakness. There is ,  indeed, evidence t h a t  t h i s  inf luence 
has occurred i n  many cases o f  subsidence above nearer surface depleted 

18 aquifers . I n  such a case, continuous theories may be o f  l i t t l e  value i n  
assessing surface ef fects  and should be replaced by an assessment o f  shear 
s t a b i l i t y  on planes o f  weakness. 

The Effects o f  Temperature. 

The discussion up t o  t h i s  po int  has been r e s t r i c t e d  t o  the case o f  
isothermal changes i n  pore pressure. Any s i g n i f i c a n t  changes i n  the tem- 
perature f i e l d  may be expected t o  a l t e r  the deformation and stress f ie lds .  

e f f e c t  the rock response w i l l  occur during normal explo i ta t ion o f  a reser- 
voir ,  such ef fects  t h a t  do occur w i l l  probably be w i th in  the l i m i t s  of 
accuracy o f  the isothermal analysis. However, where re in jec t i on  o f  cool 
f l u i d  i s  contemplated t h i s  w i l l  not be true. I n  t h i s  case, s ign i f i can t  
cool ing o f  the reservoir  may occur which would r e s u l t  i n  a volume change 
o f  the reservoir  as a whole--though t h i s  w i l l  be offset t o  a greater o r  
lesser extent by the accompanying increase i n  pore pressure; 

s t a b i l i t y  analysis t h i s  e f f e c t  must be investigated. O f  f u r the r  concern 

It seems un l i ke l y  tha t  temperature changes s u f f i c i e n t  t o  s i g n i f i c a n t l y  

Since reservoir  compaction i s  the s t a r t i n g  point  f o r  a l l . a reas  o f  the 
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i s  the p o s s i b i l i t y  o f  thermal gradients i n  the immediately surrounding 
material which could appr ss regime. I n  general, a 

t o  tens i le  stress 

W 
dient  i n  the s 
which could wo i t h  , regard t o  compaction 

induced shear stresses. 

RECOMMENDATIONS FOR FURTHER RESEARCH 

an attempt has n made t o  indicate the 
possible areas where the rock behavior may e f fec t  the operation o f  a geo- 
pressured reservoir  e i ther  because o f  changes i n  the f low regime o r  be- 
cause of loss o f  s t a b i l i t y  i n  the overlying strata. An attempt has also 
been made t o  indicate tha t  these ef fects  cannot be adequately qua l i f ied  
f o r  any pa r t i c  without a knowledg f the mechanical and 
thermal proper 
techniques f o r  applying 

d without a refinement o f  the 
a par t i cu la r  case. 

-Rock Mass Behavior Prediction. 

chanical Ef fects o f  Reser- 
the compact i on/subsi dence 

can be obtained 

not be expected 
anisotropy and 

b i l i t y  and power o f  thos , i n  par t i cu la r  t ha t  

t o  non-linear e l a s t i c i t y  and simple p las t i c i t y .  The adaptation of any 
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code t o  linear viscoelasticity is not technically diff icul t ,  though i t  
could be time consuming. Again most geotechnically oriented codes can 
handle the effects o f  simple planes of weakness and gravitational load- 
ing.  Modification will probably be necessary t o  solve the poroelastic 
problem existing i n  the reservoir. However, there is a strong analogy 
between the behavior or porous bodies under pressure gradients and so l id  

9 bodies under thermal gradients . Since many codes are capable of solving 
thermal stress problems the required modifications should not be overly 
complex. 

Laboratory Data. 

Certain areas of the required simulation can probably be best handled 
using empirical data. T h i s  applies particularly t o  the estimation of per- 
meability variations from porosity values, and t o  the recognition of 
shear failure i n  the immediate overburden. 
dependence of the modelling effect and the laboratory investigation of the 
rock properties. T h i s  interpdependence does, i n  fact ,  run throughout the 
whole of the development. Thus the choice of which constitutive relation- 
ships t o  assume, of what degree of anisotropy and heterogeneity to  include, 
and of the geometry of the f in i te  element mesh can only be made i n  relation 
t o  laboratory data. 

Much laboratory data are required before any attempt a t  real is t ic  simu- 
lation can be attempted. Ini t ia l ly  these data must be of a semiqualatative 
nature directed towards the identification of the major deformation mecha- 
nisms, the degree of anisotropy and the separation of the major mechanical 
units. Following this, detailed quantitative data will be necessary. T h i s  
will include the appropriate deformation moduli of the different mechanical 
units, their  strengths and the variation of these w i t h  temperature and stress. 
In the case of the reservoir rock the dependence of porosity and permeability 
on stress and temperature must be determined. A t  this horizon, and i n  the 
immediate overburden, the thermal expansion coefficients must be determined. 

Further data which will be necessary t o  the overall project, though 
not essential for the rock mechanism investigation, can be easily deter- 

Here there is a close inter- 

mined w i t h i n  the framework of this laboratory program. T h i s  will include t 
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W the thermal conductivity o f  the reservoir and adjacent rocks and the co- 
efficients of heat transfer between t h  quifer rock and its pore f l u i d .  
As has already been implied a l l  o f  these tes ts  .must .be carried o 
the ranges of stress, pore pressure and temperature relevant t o  the geo- 
pressured - .  region. In themselve 
mountable problems. Many ares fa i r ly  standard, though the base temper- 
ature and stress condition 
normal techniques, and ra t  

Th i s  can be partly overcome by using, where possible, similar material 
from other sites, particularly for the ear l ier  more qualitative tests. 
Further saving of test material can be.made he equipment and tes t  
program are carefully designed t o  maximize ber of tests t o  be 
carried out  on any single specimen, although care m u s t  also be taken that 
this maximization does not impair the validity of the final results. 

one of these ‘ L  tests raise any insur- 

uired will involve same adaptations to 
lized equipment. 

However, a great deal of data is required . .  rom probably few 

Interdependence W i t h  the F lu id  Flow Simulation. 

There is a strong interdependence between the laboratory and model 
development program out1 ined above and the f l u i d  flow simulation described 
elsewhere i n  this report. T h i s  applies particularly to  the dependence of 
the f l u i d  flow simulation on permeability data, and that of the mechanical 
behavior simulation on pressure data. Close meshing of the two programs 
is essential i n  this area. 

Field Verification . 
However comprehensive a model1 ing  of the true situation is attempted 

the behavior o f  natural rock masses i s  so complex and varied that perfect 
simulation is impossible. In view of this an integral and essential part 
of any development of predictive techniques i n  this area is the field 
verification of early predictions and subsequent modification o f  the simu- 
lation to  reflect  these field data. 

from field subsidence data from water producing shallow aquifers i n  the 
G u l f  region. However, full  feedback is essential from early geopressured 
reservoir developments. Field information on surface subsidence should 

In the early stages some of this essential feedback may be obtained 
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certainly be obtained from these sites. Hhere feasible this should be 6. 
supplemented by information on Subsurface deforkation, preferably at a1 1 
levels between the reservoir and the surface, agd by porosity and permea- 
bility data from the producing reservoir. 

should provide few problems in implementation. Similarly technqiues for 
monitoring subsurface behavior are available, though adaptation of these 
will probably be necessary to ensure compatibility with other necessary 
instrumentation and with well design. 

PROJECTED RESEARCH COSTS 

Techniques for monitoring surface subsidence are well established and 

Appendix V presents a summary and outline of proposed geothermal geo- 
pressured aquifer rock mechanics research. 
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ABSTRACT 

Differential equations describing momentum and energy conservation 
i n  geopressured geothermal reservoirs are developed. Such reservoirs 
are known t o  be abundant i n  the Gulf Coast region of the United States. 
Effects considered i n  the development of these equations include hetero- 
geneous and anisotropic porous media, water i n f l u x  from adjacent com- 
pacting shales and clays, and reservoir rock compaction as a result of 
reservoir f l u i d  withdrawal. The equations describe the behavior of the 
water and gas phases i n  the reservoir f lu ids  and the behavior of the rock 
matrix. Constitutive equations describing the effects of pore pressure 
changes on reservoir parameters are also presented. The equations can ' 

serve as the basis for development of computer models of the geopressured 
geothermal reservoirs. 

One such model i s  described. T h i s  model simulates momentum conser- 
vation of the water phase i n  geopressured reservoirs. Finite difference 
techniques are used t o  solve this equation. Simulation studies of a hypo- 
thetical geopressured reservoir demonstrate the difficult ies of deter- 
mining reservoir parameters from short term single well tests. However, 
they do indicate tha t  such reservoirs are capable of sustaining f l u i d  
production for a number of years a t  significant rates. 
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CHAPTER I 

INTRODUCTION 

The energy crisis has resulted in an increased interest in the use 
of alternative energy sources for electric power generation. Geothermal 
energy is one of the most commonly mentioned supplements to existing and 
projected major sources of fuel. These sources can aid in bringing about 
a better balance between energy supply and demand and offer some important 
environmental advantages. 

In addition to known areas of geothermal reserves in the western 
United States, a unique form of geothermal energy exists at moderate to 

pths in geopressured aquifers underlying the United States Gulf 
Coast (see fig. 1, 2, and 3). 

such geopressured aquifers often contains natural gas in 
is a very important type of energy resource. The geother- 

lowering the pressu atural gas content. The geohydraulic 
energy resulting fr 
bore can itself be made to run turbines to generate electricity. More- 

can be easily conv ed into electrical energy after 

sure with which fluid leaves the well- 

he fact that temperatures in geothermal reservoirs change very 
4th time makes geotherm geopressured reservoirs an extremely 

attractive source of geothermal nergy, as there exists sufficient pressure 
in these reservoirs to deliver substantial amounts of fluid. 

- Preliminary geological studies into these geothermal geopressured 
aquifers have been in progress at the University of Texas, and results 
appear very promising. 

GEOLOGY ' 

Geopressured reservoirs are deep sedimentary basins filled with sand 
and clay or shale and are generally undercompacted below depths of 7,000 
to 25,000 feet, and, as a result, the interstitial fluid pressure carries 
a part of the overburden load (see fig. 1, 2, 3, 4) .  

o f  the earth is trapped by insulating impermeable clay beds in a rapidly 
These reservoirs occur generally in regions where the normal heat flow 
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Figure 1 Geothermal regions of the world. After Dorfman," 1974. 
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Figure 3 Cross section of coastal plain illustrating deposits of sand 
t h a t  form geothermal reservoirs. After Dorfmn, 1974.. 
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22 subsiding geosyncline or downward bend of the crust . Pressures a t  depth 
are significantly i n  excess of hydrostatic and may approach l i thostatic.  
The aquifers are often compartmental ited by regional faults into horizon- 
ta l  blocks. 

Geopressured deposits are hotter than normally pressured deposits 
because upward loss of the included water has been essentially stopped for 

associated minerals, and und 
insulator. The specific heat of water Ss about five times that of the 
associated minerals. Thus, geopressured deposits reduce the thermal flux 
above them, compared to that below, and store geothermal energy u n t i l  a 
steady temperature is reached. The temperature gradient is sharply i n -  
creased a t  the t o p  of the geopressured zone. 

decreasing dissolved solids, and because the high temperature and pressures 
have resulted i n  a natural cracking of the petroleum hydrocarbons, the 
geopressured reservoir f l u i d s  often contain 10 t o  40 SCF (Standard Cubic 
Feet) of natural gas per barrel of f l u i d .  These dissolved hydrocarbon 
gases would be a valuable by-product of f l u i d  production. 

I millions of years. Water is poor conductor of heat compared to the 
ompacted clay is an excellent thermal 

Because the solubility of hydrocarbon gases i n  water increases w i t h  

GENERAL THEORY 

Geothermal resources can be grouped into three categories; the first, 
man Made geothermal resources. These include solidified "hot rocks" that 
are devoid of porosity, permeability and in te rs t i t i a l  f l u i d s .  I f ,  how- 
ever, holes are drilled into these rocks using standard oilwell d r i l l i n g  
techniques, the rocks could be fractured and a circulating water system 
installed i n  an effort  to heat the water so that  when it is returned t o  
the surface i t  can be passed through a heat transfer system using a low 
boiling point f l u i d ,  such as Freon or isobutane, which will flash i t  into 
a vapor phase to  generate electrical energy. 
Alamos Scientific Laboratory seems to indicate that this may be technically 
poss i bl  e. 

Another man made geothermal resource is by pressure drawdown of a 
natural geothermal resource which is  accomplished by the reduction of 
in te rs t i t i a l  f l u i d  pressure i n  a hydrothermal reservoir and t h u s  converting 

Extensive research a t  Los 

i 

t 
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the water i n t o  steam. Examples of such reservoirs are the Larderello i n  
Italy and the Wairakai hydrothermal system. This subgroup may appropri- 
ately belong t o  the second category of geothermal resources. 

thermal reservoirs. These include the steam system, an example being the 
Geysers Field north of San Francisco. Other geothermal resources t h a t  
fa l l  w i t h i n  this category are the hot brine systems being developed a t  
the Salton Sea and Imperial Valley areas of southern California. 

mal resources and is the object of this research project. This is the 
combination, (brine and gas) geothermal geopressured prospect (see f i g .  4) .  

Sedimentary aquifers are general ly .  grouped in to  two broad classes 
based on pore f l u i d  pressures: hydropressures a opressures. Hydro- 
pressure aquifers are those wherein the re f l u i d  pressures are generated 
by the effective weight of the overlying aters. They may be hydrostatic, 
hydrodynamic, or  artesian. Pressure gradients are 43.3 psi/lOO feet 
for fresh water. However, pressure gradients can significantly exceed 
this figure as the f l u i d  becomes more saline. 
the pore f l u i d  pressures are generated by a pressuring source greater than 
tha t  for the hydropressures. If the reservoir i s  s ta t ic ,  there is no f l u i d  
flowing i n  the system. The pressure gradient w i t h i n  the s ta t ic  system may 
st i l l  be 43.3 psi/lOO feet for a fresh water (greater for saline water). 
Such reservoirs, however, are overlaid by a seal w i t h  a signficantly 
higher pressure gradient (see f i g .  5).  If such geopressured reservoirs 
are not under a s ta t ic  condition b u t  have a small amount 

w i t h i n  the sand system could be significantly higher than  tha t  for the 
s ta t ic  gradient (see f i g .  5 and 6). 

The second category of geothermal resources i!s..: the natural geo- 

The t h i r d  category is probably one of the most promising of geother- 

In geopressured reservoirs 

trapped by the seal a 
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CHAPTER I1 

PREVIOUS WORK RELATING TO THE DEVELOPMENT OF NUMERICAL STUDY OF 

GEOPRESSURED GEOTHERMAL RESERVOIRS 

studied the geological aspects of abnormal reservoir 
pressures i n  the G u l f  Coast of Louisiana and found that most of the 
superpressured reservoirs occur i n :  (a) sand lenses below the base of the 
main sand development i n  or below a major shale series; ( b )  large reser- 
voirs sealed updip  by faul 
downdip by regio 
i n  upthrown and 
of these reservoirs do 

Duggan13 Wall ace 
t ions for the differen 
i n  pl ace i n  superpressured reservoirs and extrapol ated p/z (or pressure) 
data. Some of their  explanations were: (a) shale dewatering; ( b )  change 
i n  reservoir compressibility; and (c) other possible sources of water 
in f lux .  Wallace37 further advanced the theory of shale dewatering. The 
idea of changes i n  rock compressibility and porosity dur ing  reservoir 
depletion was first 

sults i n  a reduc 

eries and sealed 
facies change; or (c) relative posi on of faul t  seals 

nthrown blocks (see f i g .  7) .  
gas i n  Solution. 

i m k ~ ~ ~  found that most 

Harvile and Hawkins" gave possible explana- 
en volumetric calculations of in i t ia l  gas 

ncrease i n  overburden pressure re- 
eability: Youngr e t  al? reported 

ctive overburden 

t abnormally h i g h  f l u i d  
pressures result when intersti  formation water are trapped dur ing  
burial and subsequent basin ce. Dorfman a Kehle12 also stated 
that these abnormally p e found throughout the world i n  

sin containing these geo- 
thermal geopressured zones is the Gulf  Coast Basin of the United States 
and Mexico. 

theoretical anal y 
eration i n  model 1 ing  undercompacted reservoirs. 

There have been a number of studies that have concentrated on the 
ompaction, which is an important consid- 
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3 Biot first presented the general theory .of three .dimensional consoli- 
dation. He later developed a theory of .elasticity and consolidation for  a 
porous anisotropic solid.4 ' In that  study, he presented several deformation 
constants for reservoir rocks which unfortunately, are impossible t o  deter- 
mine experimentally, . 

t i c  porous- media.. This  - was an experimental as well as theoretical anal- 
ysis of changes i n  reservoir volume due to  change i n  pore and overburden 
pressures. T h i s  enables direct calculation of the effect of large incre- 
ments i n  stresses on the behavior of p.orous rocks. 

in cemented and friable rocks. He made an analysis of measuring techniques 
and concluded that the interpretation of these experimental techniques 
is complicated by nonlinear compaction behavior o f  porous rocks. He then 
derived theoretical expressions that interrelate uniaxial and hydrostatic 
compaction which enables the prediction of i n  si t u  reservoir compaction 
from hydrostatic cell  compaction data. T h i s  relation was then verified 
for  various types of rock by comparative measurement i n  oedometer and 
hydrostatic cells.  

Several studies have been made that are useful for a i d i n g  i n  the 
development of a numerical model to simulate geopressured geothermal 
reservoirs. Raats and Klute studied f l u i d  transport i n  soi ls  and 
developed mass balance equations31 and momentum balance equations . 
Pinder and Bredehoeft 
for aquifer evaluation. Pinder and Frind3' l a te r  used the Galerkin 
technique t o  simulate aquifers. 

Mercer28 used the f in i te  element approach t o  simulate the Wairakai, 
New Zealand hydrothermal system. He used partial differential equations 
describing heat and momentum transport for a single f l u i d  phase i n  two 
dimensions. Fino1 and Ali16 developed two phase simulators for two dimen- 
sional oi l  and gas flow i n  a compacting reservoir, utilizing Geertsma's 
theory. They adapted a rectangular system for predicting ground subsidence. 

tion used i n  the study of shale water as a pressure support mechanism 

u 

Van der K n a ~ p ~ ~  presented an analysis of nonlinear behavior of elas- 

T e e ~ w ~ ~  presented laboratory testing procedures of compaction, both 

32 
29 presented the application o f  digital computers 

5 Bourgoyne e t  a l ,  presented a one phase, one dimensional f l u i d  equa- . u 
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i n  superpressured reservoirs. 

of geothermal geopressured models. There is, however, no study known 
that deals w i t h  the numerical simulation o f  geothermal geopressured re- 
servoirs. Such a model should be able t o  incorporate the hydrologic be- 
havior of the shales and the thermal behavior of the f lu ids  i n  the geo- 
thermal aquifer. Since the geopressured geothermal aquifer i s  concerned 
w i t h  an undercompacted formation, .reservoir properties will vary greatly 
w i t h  pore pressure. Further, models of such systems need to be constructed 
so that they can be used to estimate the ultimate recovery of useful energy 
(geothermal, natural' gas, and geohydraulic) from the aquifers, t o  design 
well tes ts  for p i l o t  wells, t o  make 'cooled' water reinjection feasibil i ty 
analyses and to make subsidence studies. T h i s  study is aimed a t  'developing 
the bases f o r  such models. 

A l l  the above mentioned studies are useful i n  aiding the development 
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CHAPTER I11 

HERMAL AQUIFERS 

raight forward 
energy balance equations 
bined with momentum 

of momentum conservation. 
d temperature 

e number of primary 
variables. Similar equations are introduced to describe the effects of 
pore pressure c roperties. Finally, equations 
describing interphase relationships are introduced to couple the resulting 
partial differential equations. Simp1 ifying assumptions are introduced 
where appropriate. 

ASSUMPTIONS 

In developing a mathematical model for geothermal and geopressured 
reservoirs , a thorough understanding o f  the geology and reservoir mechanics 
is important. Some important considerations and assumptions are: 

1. The reservoir will be assumed to be saturated with hot 
high pressured water with gas in solution with or with- 
out a free gas cap 

2. The reservoir is surrounded everyw e by semipermeable 
heat conducting, undercompacted shales (except at the 

1 

, 

pore pressure 
4. Formation porosity, permeability and density, fluid 

< 
1 

5. Stratification, gravity and capillary pressure effects are 
included. The pressure and tern 
relative permeabili ties are considered. W 
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6. A two-phase flow (water, gas/gas in solution) equation is 
considered, with free gas flowing only if temperature and 
pressure permit. A heat transport equation is needed to 
obtain temperature distributions during the productive 
life of the reservoir. 

7. As production continues, there will be a er influx from 
the surrounding shales into the reservoir. If 
are saturated with gas which becomes free as p 
declines, shale permeability will be reduced. 

BALANCE LAWS FOR DEFORMABLE, ANISOTROPIC RESERVOIRS 

Mass - 
Rock Matrix 

(1) 

Water 

Gas 

- v  (pzg +PJWRSW) + qg = & C C g S g  

In the above three equations the mass balance has been transformed 
from the Cartesian coordinate system to the comoving coordinate system 
of the solid phase. 

Where: - 3 2 
= Rock matrix microscopic velocity, ft /day-ft "m 

3 
p = Density, lb-mass/ft 

+ = Porosity, fraction 



12 1 

V 

q 

S = Saturation, f rac t i on  

= Apparent veloci ty,  bbl/day-ft2, o r  ft 3 /day-ft 2 f o r  gas W 
= Inject ion/production r a  e, pos i t ive f o r  i n jec t i on  

bbl/day f o r  water, ft 5 /day f o r  gas 

= Gas s o l u b i l i t y  i n  water ( lbs/ lbs) 
RSw 

t = Time, days 

z = z direct ion,  ft. 

v = Del operator i n  f i xed  coordinates. 

= Mater 
and the subscripts: 

W 
= Gas 
= Rock matrix 

9 
rm 

Energy 

Rock Matrix 

Where: 
u = Internal .  energy per u n i t  mass (L t ) 

= Compressibil i ty coef f ic ient ,  ps 

H = Heat source strength, BTU/D-ft 

2 2  

3 cP 

&, 
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Const i tut ive Relations for the Energy Equations: 

uf = CvfTf  

= cvmT, (7) 

- - 
= -4SfKf VT, Kf 

qU* = 0 (leakage i s  negl ig ib le  during production) 

Where: 
f = Water o r  gas 
k = Thermal conductivi ty, BTU/D-ft-OF 
T = Temperature, OF 

'vrm = Heat capacity o f  rock matr ix and f l u i d  r e  pectively, a t  
constant vol ume, per u n i t  mass ( L2t'2T-f) 

cvf 

DARCY'S LAW FOR ANISOTROPIC POROUS MEDIA 

For the water phase 

For the gas phase 
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Where : 
P = Pressure, psia 

g = Acceleration due to, gravi ty,  f t /sec* 
h = Depth below referehee datum, ft. 
$ = Relative pe 
K = Absolute permeabil ity tensor, (Darcy x 1.127 

- 

a b i l i t y ,  f rac t i on  

ll = viscosi ty,  cp 

Using the above assumptions, the balance laws , const i tu t ive re la t ions 
and Darcy’s Law are combined b obtain the equations describing the be- 
havior o f  geopressured. geothermal aquifers. (For detai led mathematical 
procedures see I s ~ k r a r i ~ ~ . )  ’ 

FINAL EQUATIONS 

The momentum transport equation for the water phase 
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And f o r  the gas phase t*j 

PwscqwRsw + pgscqg = [4sg (%)+(SwRsw (%) + 

T T 

4 (SwRsw (%) + sg (%)p ))a 
Where: 

v = Del operator i n  deforming coordinates 

The f l u i d  movement i n  the porous medium i s  slow and the surface area 
o f  the rock matr ix i s  large so the f l u i d s  and the rock. w i l l  be i n  thermal 
equil ibrium. Therefore, the equation o f  energy transport i s :  

- 

1 \ \ 

* ,  
Volume 111: I 
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Equations (lo), (ll),  and (12) are mathematical statements o f  the 
processes of heat and momentum transport i n  a geopressured geothermal 
reservoir. Several other constitutive relationships of the f l u i d  and 
rock properties and i n i t i a l  and boundary conditions must be added t o  com- 
plete the mathematical statement of heat andmass transfer i 
pressured geothermal reservoir. 

CONSTITUTIVE RELATIONS FOR THE ROCK MATRIX 

Porosity 

Hubert and RubeyZ3 indicate t h a t  as geopressured reservoirs are pro- 
duced, the pressure i n .  the adjacent, undercompacted shales decreases and 
the shales compact t o  a porosity appropriate for their depth. Undercom- 
pac ted  sands tones and si 1 ts tone t o  have similar characteris- 
t ics.  The change i n  porosity during the depletfbn of geopressured. reser- 
voirs must, therefore, be evalated using the balance law for a deformable 
rock matrix, equation (1). 

quation (13), applying the chain rule on 
collecting like terms, and d iv id ing  by prm gives: 

The applic 
rock matri 

es t h a t  change i n  
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The apgication of the chain rule i n  equation (14) assumes t h a t  change i n  
rock matrix density is a function o f  pressure and temperature. 

Me can now define: 

P 

Where C, i s  the u n i , t  change i n  the density of rock matrix per change i n  
pore pressure (psi-'), and C,. is the coefficient of thermal volume ex- 

Incorporating equations (15) and (16) and t ak ing  the material deriv- 
pansion for the rock matrix (T T ). 
ative of equation (14) yields: 

Evaluation of : 

A porous medium containing compressible f l u i d s  tha t  is deforming i n  
the vertical plane i n  response t o  a change i n  in ters t i t ia l  f l u i d  pressure 
has'a vertical compressive stress, oz, on the medium a t  a po in t  near the 
center of the moving element. As the pressure changes, the weight of the 
sol id  material above this poin t  remains constant, while the volume and 
density of the f l u i d  above this po in t  change. The changes i n  volume and 
density are so small t ha t  the rate of change i n  compressive stress uZ is 
almost equal and opposite t o  t h a t  of the f l u i d .  Thus: 

DP = 
D t  -Dt - 

where equation (18) i s  a material derivative since the rock matrix is 
moving as a result of the vertical deformation, which can be evaluated 
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us ing  the 1 inear theory of elasticity:  

"dp" is the reduction of pore pressure and Cm is the uniaxial compaction 
coefficient (psiit-') which is 'defined as the formation compaction per u n i t  

Cm is therefore a function of pressure, b u t  could 
w i t h i n  a given range of reservoir pressure. 
servoi r thickness can therefore be defined 

18 as : 

where L, i s  the heightof the productive interval. Accordingly, A; 
varies w i t h  stress. 

. .  
d Az = -Cm d a,, A2 

Therefore, the relative change i n  thickness is .  related to the rate 
of change of stress, a,, and pore pressure, P ,  by: 

fore, be defined i n  terms of.pressure 

(23) 

Substi t u  
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collecting terms we have 

In a porous medium, the velocity of the rock matrix is very small 
and in fact negligible; therefore, the material derivatives can be approx- 
imated by the partial time derivative21 in the above equation and the 
error introduced will be negligible. Thus equation (25) becomes: 

If the derivatives of equation (26) are replaced by their standard differ- 
ence analogies and the result is multiplied by at we obtain: 

fp+l = g + (1-p) (cm + cm) (P"1 - P") + 

+ CTrm (Tntl - Tn) 

Permea bi 1 i ty 

During the depletion of reservoirs, there is a decline in permeability 
as the pore pressure decreases and the rock matrix supports more of the 
overburden. Mclatchie, Hemstock, and Young27 show that there is a signif- 
icant decrease in sandstone permeability as the effective pressure differ- 
ential increases. Similar results were obtained by Young et a1.38 with 
siltsone. 

lating a geopressured reservoir. In this study we account for this change 
using the following empirical relationship: 

This change in permeability must, therefore, be accounted for in simu- 
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L 

Thermal Conductivity and Heat Capacity 

The r a t e  of heat removal i n  a geopressured geothermal, system depends 
heavi ly on the formation permeability, f l u i d  and 'rock thermal conductiv- 
i t i e s ,  and re la t i ve  permeabil i t ies o f  the wa r and gas i n  the formation. 
L ike ,most other propert ies tha t  have been discussed i n  t h i s  chapter, 
thermal ,conductSvity <s a function o f  temperature and pressure. From 
published materials i n  the l i te ra tu re ,  the e f fec t  o f  temperature' on 
thermal conduct iv i ty appears t o  be more c r i t i c a l  than the e f fec t  o f  
pressure. Anand e t  a l .  present a corre la t ion t o  determine the thermal 
conduct iv i ty a t  a given temperature. 

3 , .  0.545A6p 
AC8o (0.001T) + 0.738 

Where: 
AT = Thermal conduct iv i ty o f  

f t - O F  (d i f fe ren t  -from 
rock a t  temperature; T, BTU/hr- 

quation (7) which i 
f t-OF)  

AG80 = Thermal conduct iv i ty 'a t  68O F 

T = Temperature, 

For rock sa tura t 
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Where: 

'rmT = Thermal conductivity of fluid saturated rock 
Ld 

= Thermal conductivity o f  water 

= Thermal conductivity of dry rock 

= Thermal conductivity of a i r  

= B u l k  density of saturated rock 

'W 

'T 

'air 

PB 

pBD = Bulk  density o f  dry rock 

m = Cementation factor 

Because water represents almost a l l  of .the f l u i d  mass i n  geopressured 
reservoirs, equation (30) will be accurate without correcting for the gas 
phase. 

In equation (30), the effect of pressure is shown by the presence of 
porosity and density terms which are pressure dependent. 

Martin and Dew26 presented a rough approximation of heat capacity 
as a function of temperature: 

- - T + 2000 
cp 10,000 

Where: 
T = Temperature, O F  

= Heat capacity of reservoir rock, BTU/lb-OF cP 

Un i ax i a 1 Compact i on Coe f f i c i en t 

The uniaxial compaction coefficient can be evaluated from laboratory 
compress i bi  1 i ty data 19' 34, us ing  the equation: 
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Where: 
B = Ratio o f  rock matrix and rock bulk compressibilities 
v = Bulk Poisson's ratio 

= Hydrostatically determined bulk compressibilitfes 'b 

Reservoir Compact ion 

i 

Reservoir compaction during production i s  computed using Geertsma's 
18 equation: 

Where: 
cm = Coefficient of uniaxial compaction, psia-l 

AP = Change in reservoir pressure, psia 

Reservoir thickness, ft. 

It may be noted that equation (33) assumes ideal reservoir conditions 
and is therefore simp1 ified. However, reservoir compaction can represent 
a significant source of depletion drive energy, for the geopressured reser- 
voirs. Geertsma'sl* e thod o f  repre- 

o f  Cm can 

, Compressi bi 1 i ties 

During the red oirs, the bulk volume of 
the rock decreases, while the volume of the solid matrix increases. The 
increase of solid matrix volume results i n  a decrease of rock matrix 

Thi 
pore 

compressi bi 1 i ty . 
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For s imp l ic i t y  we define i t  i n  t h i s  study as: (& 

T 

Other kinds o f  rock compressibi l i ty under isothermal conditions should be 
distinguished: 19 

Cf - - (2) a,T 
P 

P ,T 

Elsewhere i n  the l i t e r a t u r e  C has been referred t o  as 
can be read i l y  shown tha t  t h i g  expression i s  equal t o  

!!#i , but i t  4 dP 
Cf - Cb. 

CONSTITUTIVE RELATIONS FOR FLUID 

For a complete mathematical statement we must re la te  pressures i n  
each phase o f  equations (10) and (11) by the cap i l l a ry  pressure: 

Pc = Pg - Pw 

which i s  taken t o  be a funct ion o f  water saturation alone. 
Thus : 

aP cgw = apg - -  aPw 
ax ax ax (37) 

We also consider the re la t i on  tha t  the phase saturations sum t o  unity; 
thus: 

sw + sg = 1.0 (38) 
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Velocity 

The assumption of Darcy’s Law assumes t h a t  the f l u i d  ve loc i t ies are 
er  4 0 ) .  Average f l u i d  ve loc i t i es  can.be estimated as: 

Gas Veloci ty : 

where Pw and P are re la ted by.the cap i l l a ry  pressure as defined i n  
equation (36). 

g- 

S o l u b i l i t y  o f  Hydrocarbon Gas i n  ‘Water 

1 i t y ” o f  the hydrocarbon gas components i n  water i s  inversely 

hane than propane, etc. The s o l u b i l i t y  o f  methane i n  water 
estimate the s o l u b i l i t y  o f  natural gas i n  geopressured water 

wf th  an e r ro r  o f  less than 2%. 

gas in to ’so lu t ion.  Conversely, gas a saturated water 

and gas phase 
mental -and empirical methods e x i s t  by which the s o l u b i l i t y ,  of gaseous 

proport ional t o  t h e i r  molecular.weights6. Thus, methane i s  more soluble 

Under conditions o f  increasi a ter  w i l l  absorb avai lable 

o f  “decreasing press 
a vapor-l iquid equ 

i n  water can be determin 
ed study i s  needed i n  t h i  
reservoir  model 

see fig. 8 and 9) .  Though 
vai  lab1 e ,studies be 
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100 140 180 220 260 300 340 
TEMPERATURE ( O F )  

Figure 8. Solubility of methane i n  pure water. After Culberson and 
McKetta, 1951. 



135 

I .oo 
0.90 

0.80 

0.7 0 
a 

0.60 

3 
w 0.50 

a 
5 0.40 
n 

a 

Q: 
3 

W 

0 

v) 

0 

v) 

a 

3 
v) 0.30 - 
a 

0.20 

0.15 
0 

+ 

100,000 200,000 300,000 



136 

I N IT1 AL COND I T  I ON 

The i n i t i a l .  condi t ion i s  such tha t  the pressure and temperature i n  

Cm, C, uw, p , L,, L,, 

the reservoir  must be specified. The reservoir  d i s t r i bu t i on  o f  a l l  other 
dependent variables'such as: Rsw, Sw, Sg, pw, p 

W, +, and K, and a l l  other relevant data are'speci f ied f o r  the sand sedi- 
ment and for the adjacent shales. For cross sectional studies and f o r  
studies where gas and water e x i s t  a t  the i n i t i a l  condition, the f l u i d  pro- 
per t ies are obtained by in tegrat ion using the gas phase pressure and water 
saturat ion a t  the water-gas contact. This i s  aided by using laboratory 

9 9 

correlat ions f o r  PVT data--formation volume factors, viscosity, density, 
and dissolved gas ra t i o .  

BOUNDARY CONDITION 

The boundary condi t ion i s  t ha t  o f  no f low boundary condi t ion f o r  
both water and gas phases. Thus, at :  

ah 
x = L, 

and a t :  

(37) 

where L, i s  the length o f  the reservoir  and L, i s  i t s  thickness o r  width, 
depending on i f  a horizontal o r  cross-sectional study i s  being run. The 
closed boundaries are remote from the sand sediment a t  posi t ions tha t  
w i l l  not  experience pressure decline. This i s  reasonable, since i n  geo- 
pressured geothermal reservoirs any in te rva l  t ha t  experiences pressure 
reduction, due t o  f l u i d  product on, i s  regarded as a production in terva l .  

i 
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I 

T h i s  type of boundary condition will also be helpful i n  studying variations 
of shale properties w i t h  change i n  pressure. 

pressured reservoirs which ini t ia l ly  are i n  a non-static condition (see 
f i g .  6 ) .  
report. 

The concept of no flow boundary is however not applicable t o  geo- 

naly such reservoirs is beyond the scope of t h i s  

(i  , j ) may be expressed terms of the t i l t  I 
the angle of the x - axis downward from the 

horizontal. Then: 

(39) 

) depends on the 

-The .boundary condition for the heat transp ion i s  such that 
for a vertical study t h e  temperature a t  the bottom of .the reserovir is 

he derivative ther boundaries 

Thus : 

! 

For horizontal study, h he derivatives a t  a l l  the boundaries are 

a1 equations derived i n  this chapter can be used to  , 

make a detailed study of: 
1. 

2. effects o f  rock compressibility 

early production characteristics of geopressured reservoirs 

3. effects of uniaxial rock compaction 
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b 

4. 

5. 

6. 

7. 

8. 

9. effects of thermal expansion 

effects of s h a l i  water i n f l u x  

effects of changes i n  reservoir parameters and geometry w i t h  
.reduction of inters t i t ia l  f l u i d  pressure 

well t es t  design for  p i l o t  well(s) 

effects of free gas and gas i n  solution i n  geopressured 
reservoirs 

the production of natural gas from geopressured reservoirs 

. 
' 

10. 

11. 

calculation of ultimate energy recovery from geopressured geo- 
thermal aquifers 

"cooled" water reinjection feasibility analysis t o  determine if 
the ultimate recovery of useful energy from geothermal reservoirs 
could be significantly enhanced by reinjection of "cooled waters" 

12. analysis of p i l o t  reservoir tes ts  

13. effects of completion techniques on geopressured well deliver- 
a b i l i t y  

The equations can also be extended t o  predict surface subsidence and 
dater reinjection as a means of alleviating possible subsidence and for 
the disposal of potentially large volumes of water after i t  has been used 
for energy conversion a t  the surface. 

six types outlined above. T h i s  will form the basis for other studies, 
which are currently i n  progress and w i l l  be reported later.  

(37) through (39) will be sufficient. A single phase (hot water) m u l t i -  
dimensional simulator has therefore been developed. The model is two- 
dimensional, and either areal or cross-sectional studies can be run. 

T h i s  paper will report preliminary results of calculation of the f i r s t  

For these studies solution of equations ( lo) ,  (27), (28), (33) and 



CHAPTER IV 

DIFFERENCE APPROXIMATION TO THE MATHEMATICAL MODEL 
a .  

SOLUTION TECHNIQUE 

The reservoir simulation equations developed contain second-order 
spatial derivatives of type ax ( A  ) and first-order derivatives i n  
time. The equations are non-linear partial differential equations and are 
not amenable to analytical solutions. Approximate methods must be used for 
their  solution. There are many such approximate techniques, of which 
f in i te  differences is probably the most widely used method and is used 
i n  this study. 

Finite difference technique i s  used t o  obtain an approximate solution 
to the differential ,equations by replacing the different ia l  equations w i t h  
a f in i te  number of algebraic equations i n  an equal number of approximate 
values of the dependent variables a t  specified lues of the independent 
variables. As the number of equations or unknowns is increased, the 
approximate solution a t  any p o i n t  will approach the true solution of the 
differential equation, i f  the solution is convergent and consistent. 

reservoirs, the frequent existence of natural gas i n  solution, and the 
deformable nature of f these reser- 
voi remely co x predominant1 
in -  r t ical  d i  only a hori- 
zontal model b u t  also a cross-sectional model. I f  a geopressured reser- 
voir is fully saturated w i t h  natural gas and has a gas cap, as production 
s ta r t s  there will be gas percolation. Because of the low viscosity of gas, 
h i g h  velocities can be attained as the gas migrates upward. Such h igh  
velociti.es will lead t o  time step limitations that are often encountered 

. Such time st limitations make i t  very costly to 
use an explicit  mobility model to  make long range depletion studies of 
these reservoirs . Hence a semi-impl i ci 

a aP 

The anisotropic and heterogeneous nature of geothermal , geopressured 
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Selection o f  Grid Spacing. 

divided i n t o  N-1 intervals.  
0 I i 5 n-1, such tha t  : 

To permit variable g r i d  spacing, the reservoir  length, Lx, i s  
0 i x I Lx, o f  a rb i t ra ry  length, Axi+%, 

v=i -1 

v=o 
l s i s N  x i  = E  AXV+% 

x1 = 0 

Simi lar ly,  the thickness, L,, i s  divided i n t o  M-1 intervals,  0 5 

z I Lt, of a rb i t ra ry  length, Azj+%, 0 I j 5 M-1, such that: 

z1 = 0 

2, = L, (42b) 

I n  der iv ing dif ference equations, the g r i d  blocks are selected by 
placing the block boundaries a t  h a l f  the distance between any two points. 
Thus : 

Axi = %(Axi,% + AXi+%) 

‘143) 

while the points a t  the boundary can be handled i n  the fo l lowing way: 

(44) - - A,-% - A24 ‘?N+% - “N-15 

This type o f  boundary condit ion i s  selected t o  al low g r i d  points t o  
be placed a t  the wel l  face (see fig.10). 



Finite Difference Solution. 

14 1 

The finite .difference approximation t o  equation (10) assuming: 
1. An isothermal condition i n  which changes i n  temperature during 

the production period (30 years) are regarded as negligible 
2. Natural gas remains i n  solution or  immobile during the 

production period 
i s :  

p"+l - p; 
W 

A t  

- ,  
_ -  _ '  

Where: 
sc = Standard condition i 

n = Old time step 
n + l  = New time step 
A t  = Incremental time, day 

~~ - F  

(45) 

Because geopressured reservoirs have complex geometries , an 
both areal and cross-sectional' studies are r u n ,  the 1:ne su 
relaxation technique ( lSOR)39 is used" to solve the se t  of equations result- 
ing  from the application of equation (45) a t  the M x N-grid points i n  the 
reservoir. The LSOR method is particularly convenient for cross-sectional 
water-gas problems. To implement the LSOR, the pressure values on a l ine 

hos on the previous lines, 
hav en calculated and the 

values a t  i ,  j+l are approximated by the old iteration values (see f i g .  10). 
These equations when written for each po in t  on a line for the one phase 
case produce a diagonally dominant tridiagonal matrix, which is easily 
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We1 I bore 

Figure 10. Grid system, with grid points a t  the well face. 
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k k + l  k k + l  
.. i _ _  kk+l  

n t l  n t l  n + l  n + l  - - P n t l  n + l  

i , j  i-1,j 
t C  a P - b  

i , j  i , j  ~ i , j  i+Lj 
L 

kk+l  kk , (46) 

i ,j-1 i , j+l i ,j t 
n + l  

- P  t d  l , , < i , < N  
n+l  

-P 

Equablull [ V O ~  i s  or rriaiagonai i w r w  SIIICIC c I l t  ckm...- _ _  fhe r i g h t  hand side 
are known a t  iteration number kk. 

To obtain a solution the g r i d  system is swept row by row from top or 
kk+l  
n+l 

bottom, depending on the numbering system and the P 

simultaneously on a line. After the computation of each line, the next 
kk+l  
n+l  

approximation to the P values are obtained by overrelation as follows: 
i , j  

values are solved 
i , j  . 

kk+l  kk / / k k + l  kk \ 

Where: 

convergence. 
= Relaxation parameter judiciously selected to assure rapid 

The i terative procedures is continued u n t i l  a convergence cr i ter ia  is 

Wept 

satisfied , namely: 

max 

k k + l  kk 
n+l  n+ l  

i , j  9 3  

kk 
n+ l  

i ,J 

P - P  

P 

148) 
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for all "i, j". "E" is selected so that the maximum difference in pressure 

between P and P over all active grid points is insignificant. In 

this study a value o f  l.E-7 was found to be appropriate. 
The numerical scheme has been incorporated into a finite difference 

code HVMGRl (Horizontal -vertical model of geopressured reservoirs #1). 
The HVMGRl code possesses considerable flexibility as far as hetero- 

geneous and anisotropic matrix properties, reservoir geometry, regular or 
irregular grid dimensions and boundary conditions. Formation thickness 
can vary for two dimensional (2D) areal studies and formation width can 
vary for 20 cross-sectional studies. .The effects of pore pressure 
reduction on fluid properties and reservoir parameters are included. 
Reservoir parameters include porosity, permeability and formation thick- 
ness. Other rock properties that may vary include rock matrix compressi- 
bilities, uniaxial compaction coefficient and rock matrix density. 

k k+l kk 
n+l n+l 

i ,j ,j 



CHAPTER V 

NUMERICAL PERFORMANCE STUDIES OF A HYPOTHETICAL 

GEOPRESSURED GEOTHERMAL RESERVOIR 

Several single phase simulations of a potheti cal geopressured 
geothermal reservoir were performed to develop an understanding of the 
productivity of such reservoirs whi  1 e ubjected t o  a variety of pro- 
ducing conditions. Such studies can establish the importance of various 
sources of reservoir drive energy and can indicate the range of reservoir 
responses t o  early production. 

voir  represents a simplification of a prospect i n  the Kenedy County 
Fairway described i n  Volume I1 of this report. The idealization ,consists 
of us ing  a regular reservoir geometry and homogeneous properties. 

The reservoir consists of a rectangular cube. The long dimension 
which would be oriented parallel to the coast is 51,865 feet  i n  length. 
The reservoir width i s  23,650 feet and the uniform reservoir thickness is 
162 feet. The reason for the unusual choice of length, w i d t h ,  and thick- 

The studies were performed on a hypothetical reservoir. The reser- 

W 

ness is that they closely approximate the actual reservoir volume of the 
Kenedy County prospect while u t i l i z i n g  a much simp1 eometry. We used 
a 9 x 11 computing gr id  for the studies. 

The reservoir temperature was estimated to  be 300°F and the in i t ia l  
reservoir pressure was estimated to  be 11,000 psia, Since the studies 
are  for a horizontal system this pressure is distributed uniformly 
throughout the reservoir 
11,000 feet. Ini t ia l  reservoir permeability was estimated to be 18 md 
and porosity was estimated to  be 0.216; 

The reservoir f l u i d  i s  considered to be only water containing 
10,000 ppm of dissolved solids. Table I below gives the water density 
and viscosity data used i n  the studies. This  data was provided by 
Systems, Science and Software, Inc. La Jolla, California. No attempt 
was made to simulate thermal transport and the reservoir process is 
assumed t o  be isorthermal, Solution gas effects were ignored. 

The depth of the reservoir is estimated t o  be 

W 



Pressure 
psia 

5000.0000 
5500.0000 
6000.0000 
6500.0000 
7000.0000 
7500.0000 
8000.0000 
8500.0000 
9000.0000 
9500.0000 

10000.0000 
10500.0000 
11000.0000 

TABLE I 

Water Properties (3 300°F 

1 bs/ f  t t3 
58.4635 
58.5575 
58.6510 
58.7550 
58.8339 
58.9335 
59.0275 
59.1243 
59.2168 
59.31 12 
59.4013 
59.5027 
59.6225 

Visc. 
cp 
.1926 
.1933 
.1939 
.1946 
.1952 
,1959 

I .1966 
.1972 
.1978 
.1986 
.1993 
.2001 
.2008 

RESERVOIR DRIVE EFFECTS 

To examine the ef fects  o f  various reservoir  drives on the decl ine o f  
the reservoir  pressure four  studies were performed. 
a s ing le wel l  located a t  the center o f  the reservo i r  (block 5, 6) was 
produced a t  a constant ra te  o f  40,000 bbl/day. For the purposes of simu- 
la t ion,  production was continued f o r  30 years o r  u n t i l  the well-block 
pressure f e l l  below 5000 psia. 

Four separate cases were run. Case I had only one source o f  reser- 
v o i r  energy, the expansion o f  the reservoir  f l u i d  i t s e l f .  -- Case I1  added 
the expansion o f  the rock matr ix t o  the f l u i d  expansion. A rock matr ix 
compressibi l i ty  coe f f i c i en t  o f  7.5 x psi” was estimated t o  be ap- 
propr iate f o r  the reservoir.  Case I11 added the e f fec ts  o f  reservo i r  com- 
paction as out l ined i n  Chapter I11 t o  the above drives. The uni-axial  
compaction coe f f i c i en t  was estimated t o  be 4.6 x ps5-l. For -- Case I V  
the basic geometry o f  the system was changed. The reservoir  width was 

I n  a l l  o f  these studies 

-- 

-- 
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W 

W 
I 

increased by adding 7,920 feet  along the entire length of the reservoir. 
T h i s  extra reservoir volume was assumed to he shale w i t h  a permeability 
of lom4 md a t  11,000 psia, compressibility and uni-axial compaction coef- 
ficients of 7.5 x psi" and 4.6 x psi", respectively. The 
shale's porosity was assumed t o  be the same as the sandstone. The well is 
produced a t  the same rate and i n  the same location i n  the sandstone 
reservoir. Th i s  case was designed t o  estimate the influence of shale 
water i nf 1 ux. 

The results of the four cases are sumnarized i n  f i g .  11. If water 
expansion is the only source of reservoir energy (Case I ) ,  the reservoir 
would be depleted i n  about 8 years. A drawdown t e s t  could be expected t o  
yield consid ble amounts of information about reservoir volume and pro- 
perties w i t h  one year. When the formation compressibility i s  included 
(Case I I ) ,  the reservoir is able t o  produce for the entire 30 year pro- 
duction history. A t  t h a t  time the well pressure has dropped t o  8,000 
psia. However, a single well drawdown tes t  could not be expected t o  pro- 
vide information on reservoir pore volume i n  less than  5.5 years. I t  
should be possible t o  identify the presence of formation compressibility 
much sooner. % u t  i t  will not be possible t o  estimate the compressibility 

icient from such limited data. 
When form$tion compaction is added as a source ,of energy (Case 111), 

vels are generally raised throughout the producing l i fe .  
pressure a t  the end o f  30 years has declined t o  approx- 

arallels tha t  of Case I1 but is displaced t o  a higher 
imately 8,800 psia. During the early transient for this production, the 

I t  will probably not be possfble t o  estimate reservoir 
l e  well drawd&n t e s t  data i n  less than  10 years. 
ws t h a t  it will be very difficult t o  either identify the 
e water i n f l u x  or  estimate i ts  influence i n  less than  10 

years. Even though .the shale volume added to the simulated reservoir 
appeared t o  
the pressure he outside bou 
the ini t ia l  pressure even af ter  30 years of production. In face, most 
of the shale water i n f l u x  has come from the first half mile of the shale. 

a l l ,  i t  was a adequate for the simulation because 
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I t  should be noted that-the effects of water expansion, formation, 
and compressibility and formation compaction affect the same terms i n  the 

ntial equation (10). herefore, early we1 1 pressure response will 
be identical for many diffe t possible combinations of values for these 
parameters. In addition, porosity and permeability effects strongly inter- 
act during early production from reservoirs. I t  would not be wise to  

n well t e s t  information. t o  provide estimates of these proper- 
t ies .  Instead a l l  possible,efforts t o  obtain reliable independent esti- ' 

mates of formation parameter$ from other data including core analyses of 
formation samples should be exercised. 

PERMEABILITY AN 

To examine the sensitivity o f  the well pressure t o  formation perme- . 

abi l i ty ,  a reservoir identical to  Case I i n  a1 1 respects except 'forma- 
t i on  permeability was simulated. Format!on permeability was set  a t  50 md 
as shown i n  f i g .  12. The observable effect i s  t o  displace the pressure 
decline curve upward about 750 psia. Th i s  is expected because the higher 
permeability requires lower flowing pressure gradients w i t h i n  the reser- 
voir  t o  sustain the constant flowrates. In add i t ion ,  the time required 
t o  obtain reservoir volume and formation property estimates from production 
data is reduced. If a permeability lower t h a n  18 md should be encountered, 
the effect would be t o  displace the pressure decline unfavorably downward. 
I t  would also extend the time required-to obta in  reservoir volume and for- 
mation property data from a single well drawdown test .  

These runs a l l  used C I1 .data. However, the rates were changed as 
labelled on the press histories. Clearly, the 

he effects caused .by a change , i n  ,production rates are shown i n  fig.13. 

n effect'caused by the 
flowrate is t o  increase or decrease the rate of pressure .decline. 
enti.fiable during a1 1 stages of reservoir depletion 
etion rate results i n  the depleti,on. of the reservoi 

imately 29 years of production. 

MULTIWELL DEPLETION 

A single well producing 40,000 bbl/D would not produce a large amount 
of useful energy. I t  is expected tha t  a power generating plant u t i l i z i n g  
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geopressured geothermal f l u i d s  would require eleven such wells. The Case 
IV data was utilized w i t h  a complex of eleven wells distributed through 
out the reservoir to  simulate.such a production history. The average 
reservoir pressure was cbl.culated as a function of time for this system. 
T h i s  is shownein f i g .  14. The reservoir is depleted af ter  13 years of 
production. A t  that time well pressures would f a l l  below 5000 psia. For 
an eleven well producing complex, i t  would be necessary t o  either have a 
larger reservoir, complete some of the wells i n  another formation, or  
introduce some form of enhanced recovery. 
thetical data were obtained, there are two additional formations similar 
t o  the one simulated that are a1 so prospective geopressured geothermal 
reservoirs. Enhanced recovery of geopressured geothermal reservoirs is  
possible through the reinjection of the produced water af ter  surface 
utilization. Since no attempt was made t o  simulate the influence of ther- 
mal energy transport i t  is not possible t o  tell a t  this time i f  that  would 
result  i n  an increase of recoverable energy. 

In the area where the hypo- 

SHALE WATER INFLUX 

Since the case studies of fundamental reservoir drive mechanisms 
demonstrated the difficulty of identifying the presence and influence of 
shale water i n f l u x ,  two additional runs were made t o  see if  a different 
well location might produce more information on the source of reservoir 
energy. The results are shown i n  f i g .  15. 
well location was changed u n t i l  i t  was only one-half mile from the sand- 
shale boundary. The no i n f l u x  r u n  utilized the Case I11 data w i t h  a no 
flow boundary a t  the sand-shale boundary. In the i n f l u x  study, the reser- 
voir properties of Case IV were used. 
the shale water is identifiable a t  a much ear l ier  time and is clearly 

For these runs, the producing 

I t  is clear that the influence of 

s ,  distinguishable _- a t  the end of two years of production. *sw - 
r '\the 

3. Page 152, Paragrbph 2, Last sentence should- read: 7 .  

"A well located near the sand-shale boundary would help t o  
evaluate the importance of this potential source of reservoir 
energy. 'I 
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GENERAL CONCL ISIONS OF STUDIES 

The four case studies of reservoir drive sources show that long term 
single well drawdown flow tes ts  will be required to estimate reservoir 
volume and formation properties on a reservoir as large as the hypothetical 
reservoir studied. Since the well producing rate is a t  the design capa- 
city of the wells described elsewhere i n  this report, i t  is not likely that 
a single well could produce a t  rates h i g h  enough t o  appreciably shorten 
this time. 

formation a t  a fas ter  rate. Since many formation parameters affect  well 
response i n  nearly identical ways, a l l  attempts to obtain independent 
estimates of formation properties from laboratory data should be made. 
Well t es t  information could then be used to  confirm the laboratory esti- 
mates of formation properties. 

short period of time, i t  will be necessary t o  locate a well close to  the 
sand-s ha1 e reservoir boundary. 

The presence of additional wells would make i t  possible to obtain i n -  

To identify or  estimate the influence of shale water i n f l u x  i n  a 





CHAPTER VI 

’ In the previous chapt 

SIMULATOR DEVELOPMENT 

The development of multfd 
sponse of geopres 

ase computer models simu- 

These models shoul The first type should 
be based on the solution of the momentum conservation equations presented 

of thermal and kinetic geopressured reservoir . 
refinement of the con 
ing  the stress-strain relations of the reservoir 

SIMULATION STUDIES- 

After development of the above simulators they may be used i n  con- 
junction w i t h  estimates of reservoir parameters t o  estimate the response 
o f  geopressured geothermal reservoirs t o  production. The simulator based 
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on the solution of the momentum conservation equations may be used t o  esti-  
mate the early production character ics of geopressured reservoirs. T h i s  
would include the effects of rock c 
shale water in f lux ,  changes i n  reservoir parameters and geometry w i t h  the 
reduction of inters t i t ia l  f l u i d  pressure, and the effects of free gas and 
gas i n  solution on the recovery of useful energy from geopressured geo- 
thermal aquifers. The depletion simulator may be used to  estimate the pro- 
duction of natural gas from geopressured reservoirs. Th i s  simulator may 
also be used t o  design well tests for geopressured reservoirs and t o  eyalu- 
ate the effects of well completion techniques on the production from geo- 
pressured reservoirs. 

Simulators including the effects o f  energy transport may be used t o  
estimate the effects o thermal expansion, shale dewatering, and .the feasi- 
b i l i t y  of "cooled" water reinjection t o  increase the recovery o f  both 
natural gas and useful energy as well as  t o  reduce the subsidence associ- 
ated w i t h  reservoir compaction. 

as possible. The program HVMGRl can be used t o  ini t ia te  this process. 
This should be done t o  establish the requirements for well logging and 
core analyses for the p i l o t  well(s) before d r i l l i n g  and completion. As 
soon as available, the more sophisticated reservoir models should be intro- 
duced t o  include the effects of the gas phase and thermal energy trans- 
port  where applicable. 

ressibil i ty,  uniaxial rock compaction, 

a. 

The design of well tes ts  for p i l o t  well(s) should be initiated as soon 

SHALE WATER INFLUX 

The studies of Chapter V show t h a t  the behavior of shales will be 
extremely diff icul t  t o  evaluate from wells completed w i t h i n  the sand body 
of the geopressured aquifers. Therefore, special efforts will need t o  be 
exerted t o  define the reservoir properties associated w i t h  shales. I t  
should be pointed out t ha t  no attempt was made i n  this project t6 consider 
f l u i d  movement from shales above or below the sand body o f  the aquifer. 
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1 (KENEDY Co, 1 - # 

General descplption o f  drilling operation. 
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SAMPLE APPLICATION I 

In order t o  satisfy the objective of ou t l in ing  the preliminary plan 
and schedules as well as obtaining representative costs the guidelines se t  ' 

out  i n  the preceding section have 
sites identified by the' Resource 
specific s i t e  is the Armstrong lease i n  the Candelaria Field i n  Kenedy 
County, Texas. The following sections contain offset' well information 
including b i t  records , d r i l l  i n g  f l u i d  programs, formation pressure encoun- 
tered and casing programs fo e Armstrong #20 and #22 wells. Based on 
this information a prel imina r i l l i n g  program has been prepared. Well 
completion and production considerations were taken i n t o  account i n  the 
preparation of the drilling p These considerations are detailed 

x t  section o f  the  report. A brief description of d r i l l i n g  oper- 
ations has also been included t o  clarify the 

LAYMAN'S DESCRIPTION OF A DEEP ORILLING OPERATION 

n applied t o  one of the possible test 
ssment Phase I of the project. The 

' 

The first step i n  d r i l l ing  a deep geopressured geothermal well is the 
selection of a specific dr i l l  s i te .  Once a s i t e  has been selected, a 
dril l ing program is prepared,"the well i s  "staked" by a surveyor, and a 
location is prepared for the drilling r i g  and other equipment necessary 
for the operation. 
bui 1 d '.access roads. 

If the location i s  remote, 

In accessible areas, such as Texas G u l f  C 

e brought t o  the dril l  

also be necessary t o  

a rotary drilling rig 
t h a t  will be dismantled 

1 s i t e  and reassembled by ex 
eration from s i t e  preparatio 
e l l  will be carried out  by an assemblage 

of specialized 
su n bf oi 1 as D i  personnel 

t firms and oilffeld service companies under the 

, 
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Various equipment necessary for  the d r i l l i n g  operation includes 
1. the rotary d r i l l i n g  r i g ,  which includes large diesel 

engines to  rotate a heavy string of d r i l l  pipe during the 
d r i l l  ing operation 

2. rotary d r i l l  bits, to g r ind  thrqugh the vari 
rock t o  be penetrated 

3. d r i l l  pipe,  comprised of 30' j o in t s  w i t h  threade 
that  are connected t o  form a "drill s t r ing"  as, the well 
is drilled. 

The commencing of actual d r i l l i n g  operations follows a procedure as 
described below. 

Conductor casing is driven to  a depth of about 100'. Actual rotary 
d r i l l i n g  now begins w i t h  a hole being d r i l l e d  to a depth of about 2500'. 
T h i s  hole is s tar ted by d r i l l i n g  o u t  t h e  i n s ide  o f  the conductor casing. 
T h i s  i s  accomplished by rotating d r i l l  p ipe  w i t h  a b i t  and gradually 
lowering the pipe as the b i t  grinds up  the rock below. As the hole 
becomes deeper, the d r i l l i n g  crew adds additional joints of d r i l l  pipe 
t o  the dril l  string. 

During the d r i l l i n g  operation, a f l u i d  mixture of water, clay, chem- 
ical and weight additives known as "drilling-mud" is pumped down the i n -  
side of the d r i l l  pipe. T h i s  f l u i d  passes through openings i n  the b i t  a t  
the bottom of the hole and returns to  the surface outside the d r i l l  pipe. 
T h i s  f l u i d  is almost constantly circulated down the d r i l l  pipe and up the 
open area outside the pipe and serves t o  cool the rotating dr i l l  b i t ,  
br ing rock cuttings t o  the surface ( t h u s  keeping the hole clean), and 
seals off the rock formations already penetrated by the hole. The d r i l l -  
i ng  mud is necessary to prevent hole cave-ins and, by its density, controls 
Subsurface pressures, t h u s  preventing entry of subsurface rock fluids into 
the hole which could result  i n  a "blow-out" a t  the surface. 

The  characteristics of the dr.il1 ing  f l u i d  are constantly monitored 
a t  the surface. Rock cuttings are removed by a screening device and those 
cuttings are examined by wellsite geologists. Other equipment measures 
the gas content, if  any, i n  the returning d r i l l i n g  mud. After the mud has 
been decontaminated a t  the surface, i t  is recirculated down the d r i l l  pipe 
and the "mud circulation cycle" is repeated. 
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When the hole reaches a depth of about 2500', another string of 
casing called 'kurfac is se t  inside the conductor casing. The 
surface casing serves t o  protect fresh water sands from contamination by 
the d r i l l i n g  f l u i d  and provides additional protection from higher pressures 
t o  be encountered at  greater depths, 
hole and. the surface casing is f i l led w i t h  cement t o  anchor the casing and 
t o  prevent fluids from escaping t o  the surface. This is done~by displacing 
cement down the casing and forcing i t  out the bottom of the casing and back 
to the surface much the,same as the d r i l l i ng  mud i s  circulated. After the 
cement has been allowed t o  harden, d l l ing is resumed using a smaller diam- 
eter rotary b i t .  T h i s  ize hole will 'be drilled t o  about 10,000' a t  which 
depth a string of casing, called "protection-casing," will be run and ce- 
mented, utilAzing essentially the same procedure, as described for .the 
surface casing . 
used. Whenever a b i t  becomes worn and must be replaced, the entire string 
o f  d r i l l  pipe must be removed from the hole. The pipe is disconnected and 
racked i n  the derrick. After the b i t  has been replaced, the d r i l l  string 
i s  reassembled as it is returned t o  the hole and d r i l l i n g  i s  resumed. 
T h i s  process is called "round-trip" and i s  repeated many times i n  the 
d r i l l i n g  of a deep hole such as we are now considering. 

to t a l  depth,  t h e  d r i l l  p ipe is removed from the open hole and evaluation 
logs are run.  These logs consist of the measurement o f  a number of param- 
eters '  including spontaneous potential , resist ivity,  conductivity, sonic 
response, response t o  radioactivity, etc. of the various layers of rock 
and fluids penetrated. To measure these parameters, tools are run  t o  
the bottom of the open hole by wireline and slowly pulled back t o  the sur- 
face while the various responses are recorded by instruments a t  the surface. 
Data from these logs are essential. t o  the evaluation of the types of rocks 
and formation f lu ids  penetrated by d r i l l i ng .  Temperature data is also 
recorded during this operation. 

total  depth has been reached, another string of smaller diameter casing 
will be run. . T h i s  will consist of a 181iner'' r u n  from the bottom of the 

e space between the inside of the 

During the d r i l l i n g  operations, many rotary d r i l l i n g  b i t s  will be 

A t  various stages during d r i l l i n g ,  prior t o  running casing and a t  

If the hole is determined t o  be worthy o f  a completion attempt after 
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hole and overlapping a portion of the protection casing and a connecting 
"tie-back string" r u n  from the top of the liner t o  the surface, The liner 
will be cemented in to  the open hole axfd t o  the protection casing. 

If a completion is t o  be attempted;the casing will be penetrated 
a t  various selected intervals and f l u i d  will enter the casing and flow 
through a tubing  string t o  the surface'. In our geothermal wells, the 
las t  string o f  casing will serve as a tub ing  s t r i n g .  Pressures will be 
controlled a t  the surface by a set of h igh  pressure valves attached to  the 
casing, commonly called. a Christmas tree:. A more detaf-led description 
of the completion procedure will be submitted later. 

The entire operation described above could require as much as six 
months time t o  complete, depending'on the to ta l  depth o f  the well and 
the overall drilling conditions encountered. 

r i g .  
The following figure represents a schematic of a particular dril l ing 
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DrlUnq rlgs rory In size and In capacity, although the component 
parts rem& the iamb and in about Le rame position. ¶'his ria 
IUnstrater the prindpal parts. The blowont preventor, out of UI 
normal positlon beneath the rotmy (able, b ahown witla UI many 
Tabes aad mmr necenrary for PrOteCtion agaLast excessive donna- 
tlon pressores und unexpected well flows. The lower Inset tndicatos 
the drcdatbq lluld coming lrom the dunh pump dowa &ugh the 
drm plpe, cut the bit and back up the hob. Thh add b returned 
to &e mrface, cleaned of rand and cuHInqn ln Le ahde ahaker. 
b Onowed (0 rettle una It reenten the cycle at tho dush pump. 
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APPENDIX IA 

OFFSET HELL INFORMATION 

The following presents information regarding drilling 
history for Wells 520 and #22 in the Armstrong Ranch 
lease, in the vicinity of Test Site No. 1. 

V 
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KENEDY SOUTHTEXAS S A T  
Well: 
Loc'n: 

H@MBLE OCR CO., #20 Charles M. Amstrong 
2 mi SE Armstrong, 49. 396-ac Ire, Barreta Crt, A-3; 1320' E fi U. S. Hwy #77 
G 4400' FE'ly SL Ise; sc: 8000' SW #1, dFy hole; or 14,600' S G 21,100' W-FSW/c 
Las Motas de la Baneta, A-77; Appmx 4 mi SEfr Candelaria Fld C 4 mi SW fr 
Barreta Fld 

Result: f c ~  

$& 7-5-62 Camp 2-17-63 Elev: (NR TD: 19,449' C Strom h l g  Co. 
Carina: 24" 106 : 16" 2516': 1-4'' 1 d . b b K 7 - S / d  fr 9697-11.998'; 5" C 
5 - 1 / 2 "  lnr 17;774'. 
Comp Info: Drld to 2545'; Ran IE/L Attached ML @ 2545'; Drld to 8058', tan A/L 

Drld to 10,029'; Ran IE/L C S/L; Ran A/L to; Drld to 12,000'; Ran IE/L, S/L 
C DM; no SWC'r; Took; Drld to 15,OOO*; Ran 1E/k no SWC's, no WLT'r; Lkld to 
16,000'; Ran IE/L C S/& No S WC'r or WLT't; Drld to 16,884', ran IE/L, S/L 
DM w/Analog Computer C Selsmk Reference Survey; no SWC'S ot WLT's; Drld 
to 17,766'; Ran IE/L, S/L C DM; No WLT'r; Took SWC's. 

Tops. (NR). 

Darer 3 4 9 - 6 8  Card No.: 13 ST-4 jc  

I 
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KENEDY SOUTH TEXAS WILDCAT 
R 4 t :  m y  - Wd: HUMBLE O&R CO., $22 CharIes M. Armswng 

Loc'nr 
5 mi SW ALm8Lllong, 49,396- he, La B m t o  G% A-3; 9913' NE d ' 

#3, dry hok & I1 ,031' SE of #6. dry hole; also being W20' NE-Wly SWL of Crt 
& 17,472' S of 18. dry hole: sc: FNW/cor of Spn Juan de Carrkitos Cn, A-8. 
go SE dg NEL 3300', th NEWA 1320' to loc; 8 mi NE Jullan FM. 

4-16-65 Com 6-8-65 Elev: 32' GWDF 47' 14326' C_LMonm %iscoDrn+ - 
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.W HUMBLE OIL t REFG. - C. H. ARMSTRONG #22 
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APPENDIX IB 

PRELIMINARY DRILLING AND DRILLING FLUIDS PROGRAM 

This tentat ive  program was prepared by the 
Baroid d iv is ion o f  N. L. Industries, with 
the objective of i l l u s t r a t i n g  a typical 
d r i  11 ing program f o r  geothermal geopressured 
well and obtaining approximate cost estimates. 
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THE UNIVEEWTX OF TEXAS AT AUSTIN 
GEOTHEIzMplL TEST WELL 

nLA BARREXA" GRANT 
KENEDY COUNTY, TEXAS (d 

OBJECTIVE 

The objective of this research project are* those water sands below 
the overpressure transit ion zone (13,O0O1-), and ih particular the 
sands between 11,400' and 11,800'. 
O i l  & Refining Company - C. M. Armstrong Well #20, it is assumed the 
afore lower sands t o  be Vicksburg and upper sands t o  be Frio Forma- 
tion. Our recommendations are f o r  the preliminary planning of the 
mud system and its estimated t o t a l  cost. 
t ion  t o  be tha t  area of East Candelaria - Tullidos, being south of 
Armstrong, Kenedy County, Texas. 

With specific reference t o  Humble 

The proposed.drilling loca- 

GEOLOGICAL CONTROL 

The recommended mud program is based upon an examination of mud re- 
capitulations and electr ic  logs of the following wells: 

Humble O i l  & Refining C o m p q  - C. M. Armstrong #20 
Humble Oil & Refining Company - C. M. Armstrong #22 

HAZARDS 

T h i s  well will encounter abnormal pressure and temperatures. 

In t h i s  discussion, abnormal pressure is defined as any pressure 
which exceeds the hydrostatic pressure of a column of water, extend- 
ing  from the stratum tapped by the well t o  the land surface, con- 
taining 80,000 milligram per l i t e r  t o t a l  solids. 
proximately 0.465 p s i  (equivalent t o  8.9 ppg) is exerted by each foot 
of such a water column. 
normal t o  a maxLrmM which will require a 16.0-17.0 ppg mud. We rec- 
ommend t h a t  a Baroid Computerized Dr i l l ing  Control Unit be used from 
60001 t o  Total Depth t o  ass i s t  i n  determining actual mud weight re- 
quirements. Our mud engineers on location can a l s o  ass i s t  with t h i s  
task. If casing seats are picked properly, casing shoes properly 
cemented and tested, and Calculated Fracture Gradients adhered to, 
problems associated with abnormal pressures can be eliminated. 

- Stuck Pipe is a hazard anywhere a f t e r  the abnormally pressured see- 
t ion  is penetrated due t o  different ia l  pressures. 
weights should be avoided as an aid in preventing d i f fe ren t ia l  stick- 
ing. 
O i l  mixture be spotted around the stuck zone. 

A pressure of ap- 

The pressures in t h i s  area w i l l  increase from 

Ekcessive mud 

Should stuck pipe occur, we recommend tha t  an EZ-SPOTbiesel 
M e r  discussion of 
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The University of Texas a t  Austin 
Geothermal Test Well 
Kenedy County, Texas i Prognosis (cont'd. ) -2- 

EZ-SPOT and its applications wffl be found i n  the Mud Program. 
prevent formation sticking, we recommend that  TOFQ-TRIM and/or AKTA- 
FLO-S be added t o  the mud system if torque or  drag develop. 

Abnormal Te eratures will be encountered on t h i s  well. The Calcu- 

t h i s  gradient,-the following Bottom Hole Temperatures are anticipa- 
ted: 

To 

la ted b o  r"----- hermal Gradient f o r  this area is 1 .?OF per 100' . Using 

15'7OF @ 5,OOO' 

59OF 'Q 11,OQOI 
4 2 0 ~  Q 10,000 

760~ @ 12,000 
293% Q 13,0001 

The thermal degradation of drilling mud additives is as followst* 

gnosulfonate (Q-BROXIN) - 325 - 35OOF 
Lignite (CARBONOX) - 400 - 425OF 
CMC (CEUEX) - 300OF 
DEXTFUD 

*These are gener ac certain cond 
may vary these limits. 

The above temperatures do not preclude the Lignite/Surfactant Mud 
Sgstem recommended in our program as - th i s  same system has been suc- 

Should l o s s  occur below Intermediate Pipe, we recommend: 

(2) Lower eqp 
o r  circulating rate.  

i t s e l f .  
Set a DIASEAL M o r  similar squeeze in the suspected lo s s  zone. 

(3).- Full into 
W 

(4) 
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&e University of Texas at Austin 
Qeothermal Test Well 
Kenedy County, Texas 
Prognosis (cont'd. ) -3- 

A good preventative measure is t o  maintain mud weights and equivalent 
circulating densit ies as low as possible. 
by u t i l i z h g  the Computerized Drilling Control parameters . This can best be accomplished 

HOLE AND CASING CONFIGURATION 

The recommended Hole and Casing Program ofr 

Fracture 
Casing Size Gradient (ppg). 

.I- ...- 
1 14.0 -- 

1 ii 
0- 

9-S/81f 
-0 

f I.E.S. -Logs, Fracture Gradient 
of wells in the area of the proposed. 

MUD MP3NTENANCE EQUrPMENT 

0- 2,000' 9.0 PPg Baroid Desander/Desilter; High Speed 
Shaker . 
Baroid Desanderhs i l te r ,  Baroid Double 
Deck Shaker, Degasser, Cameron Choke. 
Baroid Double Deck Shaker,- Degasser , 
Desilter; Cameron Choke, Baroid C.D.C. 
Unit a 

10,000-13,000~ 16.5+ ppg Baroid Double Deck Shaker, Baroid Cen- 
tr ifuge,  Degasser, Cameron Choke, Baroid 
C.D.C. U n i t .  
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BAROID DIVISION 
N L Industries, Inc. 

RECOMMENDED MUD PROGRAM 

R E V  I S E  D 

Company The University of Texas a t  Austin Date bcember 22. 1975 
Well Name 
and Number Geothermal Test Proposed Depth 3 9 Ooo ' ' 
Location South ArmstronR Area County &ne@ State Texas 
Casing: surf. 13-3/8" 8 2000' Inter.9-5/8" 8 -+IO,OOO' prod 7" Liner or Casing as 

required RECOMMENDED MUD PROPERTIES TREATMENT 
DEPTH 
FEET 

0- 2,000' 

2,000- 6,000' 

6,000- 7,300' 

7,300- 9,000' 

9,000- 9,500' 

9,500- 9,800' 

9,800-10,000' 

L. 

WEIGHT VlSCOSlTY F I LTRATL 
LBlGAL SEC nl 

8.8-9.0 

9.0-9.5 

9 05-90 7 

9.7-1 0.3 

10.3-1 0.6 

10.6-11 -2  

11.2-12.0 

35-40 N/C Native spud mud: AQUAGELhUIK- 
GEL and Lime. - 

.32-34 10-15 Native mud t AQUACEL/QUIK-OEI, 
for  viscosity, CON DEE for lub- 
r ic i ty  and BARAFOS for  flow 
properties. 

34-36 8-1 0 

36-38 6-8 

38-42 4-6 
42-45 3-4 

45-48 3-4 

Begin l igh t  chemical additions 

for f i l t r a t e  and rheology con- 
t rol ,  Caustic Soda for alkalinity, 
and AQUAQEL for viscosiQ. Die- 
s e l  O i l  (4-68 by volume) may be 
added if desired for lubricity. 
Should Diesel not be used and 
torque or drag develop, ue rec- 
ommend the addition of 3 ppb 

of Q-BFLOXm and CARBONOX/CC-l6 

Tom-TRIM. 

R3mfxkx 

Set 9-5/8'1 Intermediate Casing 0 ~10,OOO' in an 11.5-12.0 ppg Pore hssure, as 
determined by E?aroidts Computerized Drilling Control Unit. Fracture &adient 0 
10,OOO' in a 12.0 ppg Pore Pressure w i l l  equivalent a 17.4 ppg mud weight. After 
drilling out, pressure t e s t  casing seat t o  an equivalent of 16.5 ppg mud. 

CONTINUED ON NElCC PAGE 

Estimated cost far mud materials: See Estimate 
Recommended Program h s t d  Upon 

Refer t o  Prognosis 

The above recommendations are statemehts of opinion only, and are made without pny warranty of any kind as to 
performance and without assumption of any liability by N 1 Industries, Inc., or its agents. L 
BR - In07 - *A Sac 

CUSTOMER'S COPY 

\ 



1-33 

PA@ NO. 2 
BAROID DIVISION 
N L Industries, Inc. 

MMENDED MUD PROGRAM 
R E V I S E D  

Company The University of Texas at Austin Date December 22, 197s 
Well Name 
and Number Proposed Depth 13*000'2 
Location South Armstrona Area County bnecbr State T-9 

Caring: surf. 13-3/8" 8 2000' Inter. 9-5/8" 8 10,OOot~ prod TD - 7" ' 
RECOMMENDED MUD PROPERTIES TREATMENT 

OEPTH WEIGHT VlSCOSlTY FILTRATE 
FELT LEIGAL SEC mI - 

10,oO0-10,500' 3-4 Continue chemical treatments 

10,500-1 1 ,OOOt 13 3-4 Caustic Soda. Begin addi- 

1 1  ,000-11,500~ 14 2 -3 for stabilieation of rheology 

Of Q-BROXIN, CARBONOX md 

tims of AKTAFL0-S (2-3 ppb) 

and filtration properties as 
determined from pi lot  tests. 

Continue with above chemical 
additions, increase CARBONOX 
ppb for fi ltrate and rheology 
control. TOFQ-TRIM is recom- 

or drag develop. 
12,500-1 3,000' 16 0-1 6.5 55- mended should excessive torque 

BR- 1.07 L A  

CUSTOMER'S COPY 
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MUD WEIGHT PPG 
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THE UNIVERSITY OF TEXAS AT AUSTIN- 
GEOTHEIZMAL TEST WELL 
KENFDY COUNTY, TEXAS 

DEPTH INTERVAL DISCUSSION 
LIGNITE/SURFACTANT ~ m )  

0-2000' 

~n AQUA(IEL/QUIK- nded. Treat 
GEL/QUB-(IEL f o r  viscosity and carrying capacity, and water t o  con- 
t r o l  the mud weight a t  8.8-9.0 ppg in  suction p i t .  
der and Baroid Desilter t o  control solids and mud weights a t  a m i n i -  
mum. Use QUIK-GEL and Lime, as needed, . t o  maintain a viscosity suf- 
f i c i en t ly  high t o  clean hole. 

Run r i g  desan- 

2000-6000' 

We recommend that  a n 
t h i s  interval. Primary additives are: (1) AQUAGBL/QUIK-cfEL f o r  vis- 
cosity and carrying cagacity, (2) Water for  weight control, and (3) 
BARAFOS f o r  rheology control. 

100' of new hole dr i l led,  o r  in  suff ic ient  quantity t o  provide a 

ispersed AQUAGELdQUIK-GEL mud be used through 

AQUAGEL be added at the r a t e  of 3-5 sacks per 

f t .  o r  greater. 

lids and mud weights should 
be maintained a t  a minimum as dictated by existing hole conditions 
For t h i s  reason proper solids control is essential .  . We recommend 
t h a t  a Baroid Desilter and Double Deck Shaker with a 30/50-mesh 
screen combination be u t i l i eed  along w i t h  r i g  desanders t o  remove. 
low gravity drill solids. 

fn s t a l l  a Baroid Computeriaed Dril l ing Control (C.D.C.) Unit a t  6000' 
f o r  the purpose of gathering data f o r  use i n  determining Intermediate 
Casing depth and Por low Intermediate Casing 

Cont t o  Run dai ly  Methy- 
lene ~ l u e  t e s t s  9 con 
optimum sol ids  contro tonite content. 

Begin l i gh t  t r e a  
Caustic soda. Q-BIEOXIN (a lignosulfonate effective and 
versa t i le  organic t h  
Q-BRDxIN's ab i l i t y  t o  function effectively in the low t o  medium pH 
range in the presence of electrolytes. 

Analysis t o  monitor 

CARBONOX (a l i gn i t e )  is 
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The University of Texas a t  Austin 
Geothermal Test Well 
Kenedy County, Texas 
Depth Interval Discussion (cont Id. ) -2- 

widely used in fresh water muds f o r  both rheological and f i l t r a t i o n  
control. The Caustic Soda is necessary t o  adjust the alkal ini ty  of 
the f luid.  The use of Q-BROILIN and CARBONOX, in tandem, offers the 
advantage of combining the overall  thinning efficiency of Q-BROXIN 
with the economy of  CARBONOX fo r  f i l t r a t i o n  control. Historically, 
Diesel O i l  has been added t o  d r i l l i ng  f lu ids  t o  achieve certain bene- 
fits such as (1) increased penetration rates,  (2) reduced torque and 
drag, and (3) prolonged b i t  l i f e .  However; f i e ld  and laboratory data 
indicate that  the Baroid product TON-TRIM (a non-polluting, biode- 
gradeable lubricant) provides the same benefits and, a t  the same time, 
eliminates the concerns dictated by ecological and/or geological con-. 
siderations. Normal concentration of.TORQ-TRIM used is 3-5 ppb. In 
the event the Operator options t o  use Diesel Oil, we recomend tha t  
the oil be added direct ly  through the pump suction on a continuous 
basis a t  the ra te  of 1-2 barrels per d r i l l i ng  hour. 
the maxirmun concentration which m a y  be expected in the mud would be 
in the range of 4 4 %  by volume. 

To help in mducing the chance of l o s t  circulation below Intermediate 
Casing, pipe needs t o  be s e t  in an 11.5-12.0 ppg pore pressure, which 
should be encountered a t  approximately 10,OOO'. Use C.D.C. t o  deter- 
mine t h i s  pressure. 

While drilling the interval in which intermediate pipe w i l l  be set ,  
it is important t o  avoid 'dog legs'.  The intermediate hole will be 
exposed t o  d r i l l  pipe wear f o r  a substantial period of time a t  ten- 
s i l e  loads, producing severe f r i c t ion  force a t  all deflection points. 
Directional surveys a t  250' intervals are generally adequate'to de- 
t e c t  and control significant deviations. 

Using this method, 

10,000-1 3,000' 

A gradual change from Q-BROILSN t o  CARBONOX as the primary thinner 
should occur during t h i s  interval  as the bottom hole temperature ap- 
proaches 300 Degrees F eqec ted  by l3,OOO'. We suggest adding 2-3 
ppb of AgTAF'ID-S (non-ionic surfactant) t o  the system by 10,500' t o  
aid i n  controlling the flow properties and high temperature filtra- 
t ion.  
t r a t ion  s tab i l izer  t o  the Q-BROXIN/CARBONOX Nud System. 

Through t h i s  interval  hole conditions should be monitored a t  all 
times due t o  possible abnormal pressures exceeding hydrostatic head 
and if  overbalanced the possibi l i ty  of losing returns as  eqerienced 
on referenced area wells. 
f i l l e d  while t r i p s  are being made. 
through t h i s  interval can be determined by C.D.C. 

This product has proven t o  be a very good rheology and fil- 

Care also should be taken t o  keep the hole 
The exact mud weight requirements 

i 

! 
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THE UNIVEEXTY OF TEXAS AT AUSTIN 
QEoTHERplsLTEsTwELL 
KENEDY COUNTY, TEXAS 

W 

COST ESTIMATE 
(Estimated 90-Day6 with Potential Hatard & Sundry Costs) 

CUMULATIVE 
COST 

0-2000' 

2 
Estimated Volume: 950 bblS 

timated Maintenance Cost: 
($0.8S/bbi/dw) $ 1,615.00 

Estimated Trouble Cost: (See #1) $ 7,106.00 

Estimated Interval Cost: $ 8,721- $ 8,721.00 

2000-6oooi 
i .  

Casing: 13-3/8" 8 2&' 
Hole Size: 12-1h" 

Estimated Days t o  D r i l l :  8 
Estimated Volume: 
Estimated Maintenance Cost: 

1 350 bbls . 
( $ 0 . 5 5 h W d 4 d  t -  $ 14,661.00 

6000-1 0,000' 

Casing: 13-3/81' 8 2000' 
Hole Size: 12-1/Li' 

Estimated Days t o  D r i l l  & Test: 

Estimated Maintenance Cost: 

Barite Cost: 9.8-12.0 ppg: $ 12,916.00 
Barite (Slugs): $i 2,163.00 

16 
Estimated Volume : 900 .~ bblS 

($0 *65/bbl/W) $ 19,760.00. 
Estimated Trouble Cost: (See $ 13,753-00 

Estimated Interval Cost: $ 48,592.00 $ 63,253-00 

W 
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The 'riniversity of Texas a t  Austin 
Geothermal Test Well 
Kenedy County, Texas 
Cost Estimate (cont'd. ) 

10,000-13,000~ 

Casing: 9-5/8!' @ 10,000' 
Hole Siee: 8-1/21! 

Estimated W s  t o  Drill & Test: 
Estimated Volume : 
Estimated Maintenance Cost: 

Estimated Trouble Cost: (See #3) 
Barite Cost: 12.0-16.5 ppg: 
Barite (Slugs ) : 

64 
1425 bbls . 

($0 75hWW 1 

Estimated Interval Cost: 

Estimated Diesel Oil Cost, t o  44% by 
volume including dally maintenance: 
( h e  #%I 

Estimated Rental EQuipment Cost: 

Estimated Drayage: 

TOTAL ESTIMATED DAYS TO & TEST: - 90 

TOTAL ESTIMATED MUD & EQU-T COST: $212,53O*OW 

*(Excluding CDC Rental Equipment) 

#lo Lost Circulation: 

HEFEHENCES 

$ 68,400.00 
$ 13,716000 

$114,868.00 

$ 79489.00 

$ 24,520-00 

$ 2,400.00 

-2- 

$178,121 .OO 

$1 85,610.00 

$21 0,130.00 

$2 1 2,530.00 

a. 950 bbls. volume X 16 ppb AQUAGEL = 152 sacks 
@ $5.34/sack: $ 812.00 

b. 950 bbls. X 14 ppb lost circulation material = 
333 sacks @ $18.90/sack: $ 6,294.00 

TOTAL: $ 7,106-00 
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The'biversity of Texas at Austin 
Geothermal Test Well 
Kenedy County, Texas 
Cost Estimate (cont'd.) 

#3 

Lost Circulation: 

-3- 

a. 1900 bbls. volume X 20 ppb los t  circulation 
materials = 950 sacks 43 $1 1 .%/sack: 

Stuck Pipe: 

$ 2,970.00 
b. 4 Drums E 2 SPOT @ $560.15/dnun + 50 bbls. 

Diesel Oil 43 $14.57/bbl.: 

Lost Circulation: 

a. 1425 bbls. volume X 22 ppb lo s t  circulation 
material - 784 sacks @ $11.35/sack: 

Stuck Pipe: 

$ 8,898.00 

b. 6 Drums E 2 SPOT 19 $560.1 
Diesel O i l  @ $14.57/bbl. : $ 4,818.00 

$ 13,716.00 

- (Estimated @ $0.347/gal. a t  bulk 
tank wagon price. 
itive bid.) 86 bbls. initial injection t o  6% 
by volume plus (+) 428 bbl. maintenance @ 
$1 4.57/bbl. : 

To be adjusted i f  by compet- 

$ 7,489.00 
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THE UNIVERSITY OF TEXAS AT AUSTIN 
GEOTHERPIAL TEST WELL 
XENEDY.COUNTY, TEXAS 

COST ESTIMATE (REVISED) 

RECAPITULATION: 

60 D a y s  Tota l  Estimated t o  D r i l l  & Test: 

90 Days Total Estimated t o  D r i l l &  Test: 

Dr i l l ing  Fluid and Rental Equipment 

TOTAL ESTIHATED COST: (60 + 90 RAYS) 

AVERAGE COST - 60 TO 90 DAYS: 

SuMMAEly OF AVERAGE COST 
FOR 60 TO 90 DAYS DRILLING & TESTING 

Dr i l l ing  Fluids: 
Rental EQuipment : 
Trouble Cost : 
Diesel O i l :  
Drayage : 

AVERAGE COST: 

AVERAGE DAYS TO DRILL: 

$165,577.00 

$21 2,530.00 

$378,107.00 

$189,OS4-00 

$1 38,239 00 
$ 19,347.00 

$ f;,093*00 
$ 24,575.00 

$ 1,800.00 

75 - 



W 
T€E UNIVERSITY OF TEXAS AT AUSTIN 

OEOTHERMPLL TEST WELL 
I(ENEDp COUNTY, TEXAS 

RENTAL EQUIPMENT COST ESTIMATE 

DESILTER 

I Interval: 0-9000' 

~ cost : $80 . OO/Day 
D a y s  : 30 

, 

DOUBLE DECK S W R  
~ 

Interval: 0-1 3,000' 
Days: 90 
cost t $50- 00/DaY $ 4,500.00 

CENTRIFUGE 

Interval: 10,000-13,0001 
D a y s  : 64 
cost: $1 00.OO/Day $ 6,4OO.00 

Intervalt 2ooO-13,0001 
D a y s  t 88 
cost: $75 W D ~ Y  $ 6,600.00 

CAMERON CHOICE (Remote Manual) 

Interval: 2000-1 3,000' 

cost: $52 *sO/Day $ 4,620.00 
I D a y s  : 88 
~ 

TOTAL RENTAL FQUIPMENT COST8 (90 D a y s )  $24,520.00 

! 
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RECOMbEXDED E&NIPMENT AND SERVICES 

SOLIDS CONTROL 

The advantages of using a d r i l l i n g  f lu id  with the lowest possible 
d r i l l e d  solids content are well known. Most important of all the 
advantages is t h a t  f a s t e r  penetration ra tes  can be achieved. Not 
only are increased penetration ra tes  possible, but pulnpS are more 
e f f ic ien t  and fewer replacement par t s  are required. The pump can 
discharge the f l u i d  a t  a given r a t e  with l e s s  pressure buildup, thus 
reducing annular pressure t o  help minimize l o s s  of circulation. 
of the hydraulic horsepower otherwise expended inside the dri l l  pipe 
and d r i l l  co l la rs  is delivered t o  the b i t  nozzles in the form of @- 
draulic horsepower. 

If an effective d r i l l ed  sol ids  removal program can be followed, the 
Operator and Contractor w i l l  real ize  savings on b i t s ,  rotat ing hours, 
chemical treatment cost and pump maintenance cost.  

More 

To implement an effective sol ids  control program, it is recommended 
the following mechanical devices be instal led and fully u t i l i zed  in 
the  d r i l l i ng  of the proposed well. 

BAROID DOUBLE DECK SHAKER 

Regular shale shakers use 12 o r  20 mesh screens. 
Deck Shaker is normally equipped with 30, 50 o r  80 mesh screens. 
The advantage of the two f iner  screens is twofold: 
amounts of solids are removed and (2) smaller pa r t i c l e s  are re- 
moved. 
in reduced chemical treatment and dilution. 

!be Baroid Double 

(1 )  l a rger  

Therefore, more reactive surface is eliminated resul t ing 

It is recommended tha t  a Baroid Double Deck Shaker be ins ta l led  
and used from the base of the surface casing t o  t o t a l  depth. 
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DESANDER U 
Desanders are conical c l a s s i f i e r s  commonly used f o r  corrective 
sol ids  removal of par t ic les  down t o  about 74 microns. 
t i ona l  desander i s  economical f o r  low weight, inexpensive muds tha t  
can to le ra te  discarded solids. 
when the l iquid phase of the mud is of significant value. 
desanders are not pract ical  f o r  use on weighted muds because sand, 
whole mud and Barite are discharged simultaneously. This piece of 
equipment is found on most of the d r i l l i n g  r i g s  operating on the 
Texas Gulf Coast. . 

The conven- 

The desander becomes uneconomical 
Also, 

BAROID DESIL'JXR 

A d e s i l t e r  is a bank of small diameter classifying cones operating 
a t  higher pressure and greater centrifugal force enabling the de- 
s i l t e r  t o  remove effectively up t o  95% of the sol ids  above 20 t o  
40 micron size. Desflters, like desanders, are not  economical for  
weighted mud systems because they discard too much Barite along 
with the  d r i l l ed  solids. Only-a few d r i l l i n g  r i g s  are equipped 
with effective des i l te rs .  Baroid can furnish a self-contained 
uni t  composed of 12 (four-inch diameter) cones and a power 
Use from spud t o  depths where economics d ic ta te  discontinued use. 

BAROID DECANTING CENTRIFUGE 

This u n i t  w i l l  be useful fo r  sol ids  control from intermediate cas- 
ing point t o  t o t a l  depth. The centrifuge w i l l  reclaim 90% of the 
Barite while discarding 6045% of the drill solids,  thus reducing 
the water di lut ion necessary t o  control mud properties. The water 
d i lu t ion  reduction w i l l  result in lower mud maintenance costs and, 
therefore, 1ower.total mud costs. 
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WELL CONTROL EQUIPMENT 

DEGASSER 

We recommenZ that a 5200 Series Degasser, manufactured 
by Well Control, Inc., be installee and available for 
use from below Surface Casing to Total Depth. 

ADJUSTABLE CHOSE 

An Adjustable Choke, available from Cameron Iron Works, 
should be installed after setting the Surface Casing. 
These units can be supplied with either manual or auto- 
mated controls. 
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C RI ILLING TECHNOLOGY S E 

The objective of the Computerized Applied Drilling Technology Service 
is to utilize modern digital electronics and di 
to augment the Mud Logging and ADT Services. 

puter technology 

I. Equipment and Services Provided with the Computerized Applied 
brillins Technology Service 

Applied 'Drilling Technology Service is a combined geological and 
drilling engineering tool. The Mud Logging Unit is the base upon 
which the Applied Drilling Technology Service is built. With the 
aid of this service, an operator can 
with optimum efficiency and safety. . 

pplied Drillin 

1. 'Baroid's Ap 
dri 11 ing department to plan : 

drill ing and casing programs . mud programs for each dril 
mud hydraulics 
minimum equivalent circula 

r . conductivity values can 
During normal compaction, 

mation pore pressure and depth to fracture pressure 
gradients common to the area throughout each drilling .. - .  

W 
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interval. The gradient is then drawn on the pressure 
profile for casing seat and mud weight evaluations. 

d. Casing depths are important tothe d r i l l i n g  
because they determine the maximum mud weight that can 
be used pr ior  t o  the next casing seat. 

e. The weight of the d r i l l i n g  f l u i d  is important, not only 
to contain formation f l u i d s ,  bu t  t o  improve penetration 
rate. APPLIED DRILLING TECHNOLOGY uses the information 
from a pressure profile to determine the minimum ECD 
for safe and economical operations. 

B. Equipment and Services to be Provided w i t h  Applied D r i l l i n g  

I 

Techno1 ogy Service 

1. A l l  equipment and services provided for Mud Logging Service. 

2. Shale Density Equipment 

3. Shale Factor K i t  

4. Weight on B i t ,  Rotary RPM and Hook Load Panel and 
Recorder 

5. "d," Exponent P1 o t  

6. Individual Mud P i t  Lever and Totalizer Panel and Recorder 

7. Mud Flow ( i n  and out)  Panel and Recorder 

8. Mud Pressure ( i n  and out) Panel and Recorder 

9. Mud Temperature ( i n  and out )  Panel and Recorder 

10. Mud Conductivity ( i n  and out )  Panel and Recorder 

11. Mud Density ( i n  and out)  Panel and Recorder 

12. Data Acquisition Panel--print-out of pertinent d r i l l i n g  
data for selected d r i l l i n g  intervals. 

13. Programnable Calculator w i t h  program cards as l is ted below: 

a. Hydraul i cs 

(1) Equivalent circulating densi ty--given the geometry 
of the various sections of the hole and the mud 
properties, the circulating pressure drop for .each 
section is calculated and the equivalent mud weight 
determi ned . 
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(2) Surge pressure while runn ing  pipe--given the geometry 
of the various sections of the hole, mud prgperties, 
and pipe velocity, the circulating pressure drop 
for each'section and the total pressure and equiv- 

a t  the casing point are calculated. 

hich cri t ical  velocity occurs--given 

w 

the hole geometry and mud properties, the pump out- 
cr i t ical  velocity occurs is computed. 

(4) C u t t i n g  slCp velocity--given the hole geometry, mud 
properties and cutting size, 'the cr i t ical  annular 
velocity, actual annular velocity, cutting slip veloc- 
i ty ,  and cutting net r i se  ve i t y  are calculated. 

Velocity and pressure drop through b i t  jets--given 
the b i t  j e t  diameters, I.D. of d r i l l  pipe, mud 
weight and pump o u t p u t ,  the velocity of the f l u i d  
and pressure drop through the je t s  are calculated. 

Pressure drop i n  the d r i l l  str ing--given the various 
pipe I.D.'s for the d r i l l  string and the mud proper- 
t i es ,  the circulating pressure drop for the d r i l l  

en the pump output, 
, mud weight, and an average 
t i n g s ,  an average weight for 

i n  the annulus is calculated; 

m j e t  velocity - the 
l e  for the b i t  is determined and a 

t a l .  nozzle area calculate 

b .  Blowout Control 

(1) Dri l l -p ip?  pressure method-based on the method of 
Goins and O'Brien, this program calculates the mud 

1,  f inal 'dri l l  pipe 
invading f lu id .  

n the method of 
lculates the weight 

equired to k i l l  
t i n g  pressures , 

surface casing pres- 
sure expected, volume of gas. expected a t  surface, 
and the volume of new mud pumped a t  which the maxi- 
mum pressure and volume occur. 
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c. ADT General 

(1) Fracture Gradient Calculation--given the pore 
pressure gradient and depth of interest, this 
program calculates the matrix stress coefficient, 
fracture gradient, and equivalent mud weight by 
the method presented by Matthews and Kelly. 

(2)  Propagation or Injection Gradient--based on the 
method described by H. E. Whalen, this program 
calculates a minimum and maximum estimate of propa- 
gation gradient. T h i s  assumes that the horizontal 
s t ress  approximates one-third t o  one-half the 
vertical stress. 

(3) Best constant weight and rotary speed--based on 
the method o f  Galle and Woods, this program re- 
quires the graph and table look-up from their  
art icle.  

(4) Percent gas porosity by Pirson formula--given the 
formation pressure, formation temperature, pump 
rate, ppm analysis o f  the d r i l l i n g  f l u i d ,  b i t  
diameter and d r i l l  rate, an estimate of formation 
porosity as- the gas percent of volume dril led is 
calculated. The equation for the calculation was 
developed by S. J .  Pirson, University of Texas. 

(5) Open hole flow potential--this method of measuring 
the capacity of gas wells was adapted to the d r i l l i n g  
situation by D. E. Boone. Given the formation pres- 
sure and temperature, b i t  diameter, d r i l l  rate,  ppm 
analysis o f  the d r i l l i n g  f l u i d ,  pump rate, mud 
weight and depth,  an estimate o f  the open hole flow 
potential o f  the well being drilled i s  calculated. 

(6) Geothermal Gradient from Mud Temperature. 

(7) Circulating mud temperature--based on the procedure 
presented by C. S. Holmes and S. C. Swift, the tem- 
perature of a circulating f l u i d  i n  both the drill 
pipe and annulus a t  a specified depth is calculated. 

(8) Free point--the length of free p ipe  i n  a frozen 
column is estimated based on the measurement o f  the 
change i n  stretch that is obtained for a predetermined 
amount of tension release. 
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11. Computer and Associated Peripheral Equipment 

The computer and associated peripheral equipment necessary t o  monitor, 
record, process and display instantaneously, pertinent v i  ta l  infor- 
mation relative to  the total d r i l l i n g  operation. 

A. The computer system is interfaced w i t h  an electronic keyboard 
printer and dual head magnetic cassette tape. Additional programs 
can be implemented when required. The recorded d r i l l i n g  data may 
be translated to  compatible IBM magnetic tape for analysis on a 
1 arge scal e computer sys tern. 

Data are collected from analog r i g  sensors and converted i n t o  
engineering units a t  predetermined intervals. The data are ana- 
lyzed by lagging certain mea'sured mud properties , applying proven 
equations t o  the collected information and presenting the results 
i n  a form suitable for inmediate on-site use. 

t a  Collection, Presentation and Retrieval 

B. 

A general purpose digital mini-computer is used, together 
w i t h  the necessary data acquisition equipment to monitor, 
analyze and record a l l  pertinent ng data. The d r i l l i n g  
intervals and depth may be monito 
or metric system. The computer i ected t o  an A/D m u l t i -  
plexter capable o f  i npu t t ing  24 channels of analog data. The 
configuration also consists of four digital/analog channels 
which are used t o  drive strip recorders, 

a. Parameters i n p u t  t o  computer: 

either the Engl ish 

t 

Data - 

lectrical s h u n t  

Mud Weight i n  
.Mud weight out 

Formation factor . ' Manual*- 
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(23 
(24 

Plast ic  v iscos i ty  Manual * L,! 
Yield Point  Manual * 
Pump No. 1 strokes 
Pump No. 2 strokes 
Depth in te rva l  
On bottom ind icator  
Optional 

*These data are col lected manually and entered v ia  

Micro-swi tch  
Micro-swi t ch  
Fol 1 ow 1 i ne 
Depth panel re lay 

the keyboard t o  the computer, 
b. Computer output: 

Data - 
(1) D r i l l i n g  rate, min/ f t  
(2) D r i l l i n g  rate, m in l f t  
(3) D r i l l i n g  rate, f t / h r  
(4) D, r i l l i ng  rate, f t / h r  
(5) D r i l l i n g  rate, f t / h r  
(6) "d" exponent 
(7) "d" exponent 
(8) D r i  1 1 a b i  1 i ty 
(9) D r i l l a b i l i t y  

(10) Lagged d i f f e r e n t i a l  

(11) Lagged d i f f e r e n t i a l  
conduct iv i ty 

temerature 
Strokes t o  d r i l l  
Feet on b i t  
Time on b i t  
Time o f  day 
Average b i t  weight 
Average b i t  weight 
Average b i t  weight 
Average RMP weight 
Average RPM weight 
Average RPM weight 
Average torque 
Average torque 
Average torque 
Bearing wear 
Tooth wear 
Cost per foo t  

Method of Collect ion 

Each 5' in te rva l  
Each 25' in te rva l  
Each 5' in te rva l  
Each 25' in te rva l  
B i t  run avg., each 5' 
Each 5 ' in te rva l  
Each 25' in te rva l  
Each 5' in te rva l  
Each 25' in te rva l  

Each 5 '  in te rva l  

Each 5' in te rva l  
Each 5'  in te rva l  
Each 5' in te rva l  
Continuous 
Continuous 
Each 5' in te rva l  
Each 25' in te rva l  
B i t  run avg.each 5' 
Each 5 '  in te rva l  
Each 25' in te rva l  
B i t  run avg.each 5' 
Each 5 '  i n te rva l  
Each 25' in te rva l  
B i t  run avg.each 5' 
Continuous 
Continuous 
Each 5' in te rva l  

c. Output data recorded on step dr ive  recorders: 

(1) D r i l l  rate, m in / f t  
2) Cost per foot, $ 

13) "d" exponent 
(4) D r i l l a b i l i t y  (Optional) 
(5) Four addi t ional  channels are avai lable for 

analog data 
id 
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L, d. Ou tpu t  data recorded on ca t te  tape for future use and 
i n  report form for immediate use 

B i t  weight (averaged over' interval) 
Rotary speed (averaged over J nterval ) 
Rotary torque (averaged over interval ) 
Dril l ing rate (min/ f t  over interval) 
Dri l l ing rate (ft/hr over interval) 
Depth 
Time of day 
Lagged d i  fferentlal temperature 
Mud temperature i n  
Mud temperature out  
Lagged differential temperature 
Mud resistivity i o  
Mud resistivity out 
Lagged differential conductivity 
Strokes to drill (over interval) 
Flow i n  
F1 ow out 
Mud density i n  

Current time on b i t  
Current cost per foot 
"d" exponent (using average data over 5'  
Dril l a b i  1 i ty  (using average 
Computed b i t  bearing wear 

33 Computed b i t  tooth wear 

e data is de- 
s a current operating 

n aid for data tape 

1: 
I 

1 Depth 
2 I Time on b i t  
3 Feet on b i t  
4 25' drill rate,  m i n / f t  
5 i 25' drill rate, ft/hr 
6) 25' average b i t  weight 
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(7) 25' average RPM 
(8) 25' average torque 
(9) 25' "d" exponent 
10) 25' D r i l l a b i l i t y  
11) Average b i t  weight o f  en t i re  b i t  run 
12) Average RPM o f  en t i re  b i t  run 
13) Average torque o f  en t i re  b i t  run 

(a) The above data i s  computed and output p r imar i l y  
f o r  use by Baroid personnel t o  a i d  i n  develop- 
ing 25' in te rva l  logs and other ADT functions. 

Alarm messages automatically generated by computer 
include: 

" D r i l l i n g  Break" - A running average of the l a s t  
e ight  in te rva l  d r i l l a b i l i t i e s  i s  maintained. The 
next d r i l l a b i l i t y  may not deviate from the average 
more than the l i m i t  without generating a pr in ted 
a1 arm. 

"Rotary Torque" - Three d i f f e ren t  torque l i m i t s  are 
entered by the operator f o r  low, high and maximum 
torque; alarm messages w i l l  be pr inted i f  any l i m i t  
v i o la t i on  occurs. 

"Mud Gas" - The current mud gas reading must be less 
than the operator entered maximum gas l i m i t ,  other- 
wise, a .printed alarm message i s  generated. 

"Flow Rate" - The di f ference between flow i n  and 
flow out must be less than the f low deviat ion l i m i t ;  
otherwise, an alarm message i s  printed. 

"Mud Density" - The dif ference between density i n  
and density out must be less than the density devia- 
t i o n  l i m i t ;  otherwise, an alarm message i s  printed. 

" P i t  Volume" - A special p i t  monitoring and alarming 
program has been developed. The p i t  volume change 
i s  monitored and s i x  di f ferent alarm messages output, 
depending on conditions. Bot p i t  gains and losses 
are noted as wel l  as detecting sudden small volume 
changes . 

D. Additional Computer Capabi l i t ies 

1. Once a d i g i t a l  computer i s  on-location, a number o f  addit ion- 
a l  benefi ts are provided. These include the use o f  special 
engineering programs tha t  may be implemented during t r i ps .  
The fol lowing o f f 1  ine  programs are current ly  avai lable: 
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a. Pressure control--computes bottom hole pressure, mud 
weight and casing pressure following a well kick, pre- 
dicts density of the contaminate. 

b. Fracture gradient--computes pressure hhich will break 
down the formation. 

ure gradient and 

and generates headed, paged, and col umnarized data reports. 
Four different report formats allow all recorded data to 
be printed in columnar form. 

E. The Computerized ADT System provides complete well programing 
from the planning stage Eo .formation evaluation; the service 
monitors, assists and optimizes the explo drilling program. 

111. 

e exploratory and dri 11 ing 
engineering informat1on:t.o meet your specific needs.- The use of 
auxiliary equipment supplements Baroid's Mud togging Service in order 
o render a more complete drjlling engineering service, provide moni- 
tor and alarm capabilities and assist in safe balanced pressure 
dri 11 ing. 

A. Optional Instruments Include: 

1. Weight on Bit and Rotary RPM with Recorder 

2. Mud Temperature, in and out, with Recorder 

3. Mud Pit Volume Totalizer with Recorder 

4. Mud Resistivity, in and out, with Recorder 

5. Mud Density, in and out, with Recorder 
6. Mud Flow, in and out, with Recorder 

hd 
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7. Baroid Programmable Calculator with Programs. 

8. Rotary Torque and Total RPM 

IV. Miscellaneous Portable Mud togging Equipment 

A. 

B. 

c. 

Automatic Recording Gas Detector 

The Automatic Recording Gas Detector Unit is available in two 
styles. The console type unit is suitable for use in a trailer 
or dog-house. The skid-mounted unit may be placed on the rig 
floor or any semi-protected area. It is reasonably weatherproof. 
Both units are designed for operation by customer personnel. 
The same reliable up-to-date gas detection equipment that is 
used in the Well Logging Units make possible--at an economical 
price--an automatic record of methane and total gas in any type 
drilling mud. Automatic drill - time recording equipment may be 
attached and record made on the Gas Detector chart. 

The Automatic Gas Detector is also available in a weatherproofed 
model suitable for installation at the driller's console with or 
without remote recorder. 

Gas Chromatograph and Steam Still 

The Baroid Gas Chromatograph and Steam Still-Reflux Unit provides 
additional formation evaluation information. 

Hydrogen Sulfide Detector 

The Baroid H2S Gas Detector is designed to detect H2S gas in a 
gas stream from a remote point or points, or from the BaroSd 
gas trap. The versatility of the equipment makes it possible 
to detect concentrations of H2S gas in air from .01 to 5000 ppm 
by adjustment of the flow control of the sampled gas. A visual 
and audio alarm resDonds when the concentration of H7S exceeds 

L any predetermined value. 
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INDUSTRIES 

BAROlD DIWISION 
December 24, 1975 

Dr. A. Podio 
The University of Texas at Austin 
Petroleum Engineering Building, Suite 211 
Austin, Texas 78712 

Sir: 

Enclosed is a revision of our previously submitted Mud Program 
for Kenedy County, Texas. 
a Drilling Engineer for $975/day. Stand-by charges (24 consecutive 
hours that crews are permitted to leave location) will be $685/day. 

A communication feature can be installed in the unit for an 
additional $50/day. 

At periodic intervals during the day, recorded information can 
be transmitted over a phone line to storage in either one of 
the time sharing systems, or to +the computer you mentioned on 
the campus. 
of the monitored parameters and their transmission from the 
location. 

Baroid will supply a C.D.C. Unit and 

Baroid will only be responsible for the assimilation 

Based upon eighty (80) drilling days and ten (10) stand-by days, 
the total cost of the C.D.C. Unit without the communicating 
feature would be $84,850 and $89,356 w i t h  the feature. 
the entire package of drilling mud and rental equipment is 
estimated not to exceed $297,380.00. 

If at all possible, one month lead time prior to spudding would 
be desirable in order to secure the C.D.C. Unit and completely 
bring the equipment up to our standards. 

Thank you, 

Therefore, 

Very truly yours, 

BAROIP DIVISION d7 
L. E, Leggett 
Regional Technical Service Manager 

L d  LHL/cat 

encls- 

300 Southwst Tower Houston, Texas 77002 (713) 524-6381 Cable Address: Bsroid-Houston 
DlvlSl~n Of N L IIIdUsMW. IW- I 
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APPENDIX IC 

TEST WELL CONFIGURATION AND COST ESTIMATES 





TEST WELL CONFIGURATION 

The following is a brief outline o f  the possible well configuration, 
d r i l l i n g  and completion procedures for a tes t  well i n  the Kenedy County 
geothermal fairway. The objective of this section is t o  i l lustrate  one 
possible method of completion compatible w i t h  the recommendations of this 
report. I t  should be considered as a preli 
s t a r t i ng  poin t  for defi f i c  si tes.  The 
producing intervals con 

be used as a 

etween 11,400 and 
13,000 feet as described i n  Volume I1 of this report. Fig. 1 is a 
sketch o f  the well c represents a deta i l  of the 
packer and expansion receptacle. 

. .  

, .  
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GEOTHERMAL TEST WELL 
Kenedy County 

Proposed Depth 14,000 f t .  

Prel i m i  nary Dri 11 ing  Program: 
1. Drive 20" conductor 
2. Install  casinghead and 20" 3M# Hydril blowout preventers 
3. Drill 17-1/2" hole t o  2500' 
4. Run 13-3/8" casing and cement t o  surface 
5. Remove 20" Hydril and install 13-3/8" slip-on and 

6. Nipple up 12" 3M# type "U" and Hydril blowout preventers 
7. Drill 12-1/4" hole t o  10,000' and log 
8.  Run and cement 9-5/8" casing 
9. Install  12" 3M# x 10" 5M# casinghead spool and nipple 

10. Drill 8-1/2" hole t o  14,000' and log 
11. Run repeat formation tester over producing intervals 
12. Run and cement 7-5/8" casing 
13. Run cased hole reference logs 
14. Run 5-1/2"tubing w i t h  packer, sliding bore assembly, 

15. Remove blowout preventer and ins ta l l  tree 
16. Perforate as recommended (trigger completion) 

weld X 12" 3M# bradenhead 

up 10" 5M# blowout preventers 

Permagauge chamber and tubing 

Casing Design: 
Surface Casing: 
2000' - 13-3/8", 54*5#/ft., K-55, ST&C 
500' - 13-3/8", 61.0#/ft., K-55, ST&C 
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Intermediate Casing: 
500' - 9-5/8", 40.0#/ft., N-80 Buttress 
1300' - 9-5/8", 40*0#/ft., N-80, LT&C 
2600' - 9-5/8", 40.0#/ft., S-95, LT&C 
1700' - 9-5/8", 43.5#/ft. , S-95,  LT&C 
1600' - 9-5/8", 47.0#/ft., S-95, LT&C 
2300' - 9-5/8", 53.5#/ft., S-95, LT&C 

Produc tion/Protecti on Casing : 
5600' - 7-5/8", 38.l#/ft., P-110, TS 
5300' - 7-5/8", 38.1#/ft., S-95, SFJP 
3100' - 7-3/4", 45.4#/ft.9 S-105, FJP 

Hole Pfpe Volume of 
Size Size S1 urry Required 
(in) (in) Cu.Ft. Sacks 

Surface Pipe 17k 13-3/8 2600 1700 
1 st Intermediate 12% 9-5/8 1870 760 

Lead 
S1 urry 

Tai 1 - 
in 

S1 urry 
815 7-5/8 550 360 

-- 

~ 305 

Volume o f  
Spacer Required 

10 bbls. water 
1000 gals.CW7 

8 bbl s. spacer 
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0 riven 1 
I?" Hole 

See 
Detail 

tole 

Concentric 
P r e s s u r e 1  
Chamber 

If 

8 1/2 Hole 

I 

L4 1 20' Conductor 
a t 1000' 

,- Permagauge Tubing 

H 

5b2 Tubing 

Sliding Seal 
Receptacle 4 

b 9%; Casing a t  
10,000' 

11,000' Tubing Guide 

I' 

7518 Casing a t  14,000' 

Figure 1. Geothermal test well configuration. 



Protect ion 
Tube- 

1 

Perforations 
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I 
I 
I 

'u be 

Figure 2. Detail o f  bottom hole completion assembly. 
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TEST NELL COST ESTIMATES 

Intangible Costs 

Stake I.ocation $ 500 
Right of way cost and 

surface damage 20,000 
Construct road and 

1 oca ti on 50,000 
Rig time 90 days @ 4000/day 414,000 
Haul i ng 17,000 
Mud and chemicals ’ 189,054 
Cement and cementing tools’ 50 , 135 
Stimulation 50,000 
Logging open hole 71,585 

Logging cased hole 45 , 285 
Perforating 43,915 
Coring 10,000 
Mud logging 84,850 
Formation testing 24 , 530 
Floating equipment centralizers 9,000 
Company supervision/consul tants 38 , 000 
Bits , packers , equipment rentals 182,000 
Move i n ,  r i g  up,  r i g  down 50 , 000 

$1 , 349,854 
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TaniJi bl e Costs 

Conductor Casing 
100 ft. of 20" OD 

Surface Casing 3 

2500 ft. Of 13-3/8"0D 
Protection Casing 
10,000 ft. O f  9-5/8" OD 

Production Casing 
14,OOO ft. Of 7-5/8" OD 

Tubing 
11,000 ft. Of 5-1/2" OD 

We1 1 head 
Packers , special equipment. 

$ 3,000 

48 , 000 

216,000 

312,000 

215,000 
140,000 
166,400 

~ 

$1,100,400 

Special Data Acquisition Equipment 

Downhol e pressure recorder, 
chamber, surface readout 
and interface 

Data acqu i si t i on sys tern 
Interfacing and surface 

Fluid sampling bombs and 
sys tern 

assemblies 

21,760 
73,000 

TOTAL COSTS 

$ 139,760 - 

$2 , 590,014 





APPENDIX ID 

Estimated Costs for: 
1. We1 1 logging program for geothermal 

test we1 1 
2. Perforating costs 
3. F lu id  sampling and formation pressure 

measurements 
These estimates were prepared by Schlumberger We1 1 
Service w i t h  the objective of i l lustrating possible 
costs and procedures for evaluation and completion 
o f  a t e s t  well a t  the Kenedy County t e s t  site. 
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SCHLUMBERQER WELL SERVICES 
6000 QULF FREEWAY, P.O. BOX 2l75 
HOUSTON, muS 77001. (713) 826-2511 

January 14, 1976 

Dr.,A. Podia 
The University of Texas at Austin 
Department of Petroleum Engineering 
Petroleum Engineering Building 211 
Austin, Texas 78712 

Dear Sir: 

Attached a re  recommended service 
evaluation, completing and monitoring the proposed ERDA Teat Well to 
be drilled in South Texas in 1976. 
the requirements discussed on your visits of September 25 and 
December 17, 1975. 

The Geothermal SARABAND pr information on formation 
characteristics through a conti on of volume of shale, 
permeability index, por ity analysis, apparent water salinity, and a 
bulk volume analysis of e percent clay, matrix and porosity. It is 
presented on a tabular listing and also on an analog, so it's easy for 
those not used to working with logs to read, correlate and understand. 
This program requires the Inducti 

d estimated prices for formation 

The services listed should meet all 

logs. 

The estimated perforating prices a re  based on a 300' interval with four 
shots/foot. 
probably alter these recommendations. 

Since the price estirdates ar 
a l e0  attached a Pr 
performed in acco 
Schedule. 

Lab test  with the actual cores from the zone of interest will 

ell design, I have 
rvices will be 
onditibns of this 

Please let me know if you need nal i on 

Sincerely j 

JM J: akb 
Attachments 
cc: Texas Coast Division 

SWS-Operations -Tech 
SWS- Engineer ing 

A OlVlSlON OF BCHWMBEROER TECHNOLOGY CORPORATION 
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PRE-COMPLETION (OPEN HOLE) 

Run One 17-1/2" Bit Size 2,500' 

ISF - Induction 
CNL - Compensated Neutron 
FDC-GR - Formation Density w/Gamma Ray 
LSS - Long Spaced Sonic 
BGT - 4-Arm Caliper with 

RA - Bullet Placement 24 shots 
Tool Protection Charges @ $35/Sep4ce 

Continuous Directional Survey 

1,325 
950 

1,050 
1,050 

1,175 
1,700 

2 10 - 
Total Run One $ 7,460 

Run TWO 12-1/4" Bit Size 10,000 

ISF - Induction 
CNL - Compensated Neutron 
FDC-GR - Formation Density w/Gamma Ray 
LSS - Long Spaced Sonic 
BGT - 4-Arm Caliper with 

RA - Bullet Placement 75 shots 
Tool Protection Charges @ $35/Service 

Continuous Directional Survey 

Total Run Two 

3,725 
3,350 
4,200 ~ 

3,725 

3,725 
5,750 

245 - 
$24,720 

Run Three 8- 1 /2" Bit Size 14,000' 

BF - Induction 3,945 
CNL - Compensated Neutron 3,520 
FDC-GR - Formation Density w/Gamma Ray 
LSS - Long Spaced Sonic with 

HDT - High Resolution Dipmeter with 

3,880 

Variable Density Recording 4,580 

Continuous Directional Survey and 
Borehole Geometry 6,870 

MLL - Micro Laterolog 2,840 
NML - Nuclear Magnetic Log 5,820 
RFT - Repeat Formation Tester  - 8 Fluid 

Test and 25 P r e s s u r e  Test 24,530 
HRT - High Resolution Thermometer 2,580 
RA - Bullet Placement 20 shots 3,800 
Tool Protection @ $35/Service 350 
Computed Logs 

Mechanical Properties Log 750 
470 Geothermal SARABAND - 

Total Run Three $63,935 



, 

PRE-COMPLETION (CASED HOLE) 

7-5/8" Csg @I 14,000' 

CBL/VDL/GR/CCL - Cement Bond Log, 
Variable Density, Gamma Ray, 
Casing Collar Locator 

TDT - Thermal Decay Time Log 
MULTI-CCL (Casing Subsidence Reference) 
MULTI-GR (Formation Subsidence Reference ) 
CNL - Compensated Neutron 
PAL - Pipe Analysis Log 

Tool Protection @ $20/Service 
(Casing Corrosion Refe r ence ) 

Total 

COMPLETION 

Based on 300' zone, 13-14,000'  Depth @ 4 Shots/ft 
1200 shots with 2-7/8" HyperDome with 4000 ps i  
surface pressure  
F o r  additonal shots, add $33/shot 
For  reduced shots, deduct $33/shot 

POST COMPLETION 

Run One 

HRT - Thermometer 
TDT - Thermal Decay Time 
CNL - Compensated Neutron 
FBS - Flowmeter 
PFS - Fluid Sampler 

P res su re  Charges 
Tool Protection @I $20/Service 

Total Run One 
Run Two - Same Services as Run 1 
RunThree  I '  

RunFour  'I 

'I 'I I' 

I' I '  I '  

Plus the Following: 
MULTI-CCL (Csg Subsidence) 
MULTI-GR (Formation Subsidence) 
PAL-Pipe Analysis (Csg Corrosion) 
Tool Protection @ $20/ServEce 

Total Run Four 

3,925 

5 ,  575 
5,600 
5,600 
3,520 

4,200 
120 - 

1-73 

$28,540 

$43,915 

2,525 

3,520 
2,860 
1,485 
1,160 

100 

5,095 

- 
$16,745 

16,745 
16,745 

16,745 

5,600 
5,600 
4,200 

60 - 
$32,205 

t 
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ESTIMATED CHARGES FOR TOTAL PROJECT bi 
Pre-Completion (Open Hole) $96,115 
P re -Completion (Caaed Hole) 28,540 
Completion 43,915 
Post Completion 82,440 

TOTAL $251,010 

? 

. .  



APPENDIX IE 

Data Acquisition 
1. Cost estimate f o r  continuous monitoring 

of bottom hole pressure 
2. Cost estimate f o r  data acquisition system 

for monitoring of well performance i n  
tes ti ng phase 
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SpPl-y-SUll 
P. 0. Box 36363 

Houston, Texos 77036 
Telephone (713) 494-3021 

u 
Telex-76-2795 

QUOTATION PRO-FORMA INVOICE 

QUOTATION NO.: 'IA 

T O  The University of Texas at Austin 

Department of Petroleum Engineer- 

Petroleum Engineering a u i f m  211 

INQUIRY NO.: DATED: SIGNED: 

- - 
ITEM 

- 
1 
2 
3 
4 
5 
6 

7 
8 

9 

10 

- - 

- 
PNTY. 

OR 
UNIT 

1 
15100 
484 
968 
1 
1 

1 
1 est 

- - 

PART NO. 

~ 

W 2 0 9  
2113071 
2A2750 
2113206 
Package 
2A3326-H2 

2A3865 
3 Days 

DESCRIPTION 
OUTRIGHT SALE PERMAGAUGE SYSTEM 

Concentric Chamber 4 
Tubing Stainless .094" OD px .026" ID/ft. 
Tube Collar Protectors 
Stainless Steel Straps 
Well Head Assembly 

gauge Surface Recorder 

Gas Intensifier for 3 Days 
Sperry-Sun.1nstallation Consultant, 
Engineer 
Mileage, Sperm-Sun Engineer Car, 
transportation (est. 100.00) 
Living Expenses (est 150. 

Estimate 

1 TOTAL PRICE 

81980.00 $1,980-00 
0.38 5,738.00 
0.75 363.00 
0.50 484.00 

200.00 200.00 
6045.00 6,045.00 

Hin. I 300.00 

350.00 I 1,050.00 

Incurred 
Incurred 

16,760.00 

VEYING COMPANY 

DATE: 

CORM ap-440 
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I I 

ABSTRACT 

A permanent means of continuously 
monitoring downhole pressures without i n t e r -  
ruption of producing or inject ion operations, 
was f i r s t  tes ted i n  Germany more than 25 
years ago. 
subsequent modifications each require  an 
electric cable  t o  transmit a signal r e f l ec t -  
ing downhole pressures. A new tool  has been 
introduced which does not u t i l i z e  any down- 
hole e lectronics  o r  e l e c t r i c a l  conduit. This 
pressure transmission system, o r  Permagauge, 
consis ts  of a 3/32-inch 0.1). tube, attached 
t o  the outside of the production tubing, con- 
necting a surface recorder t o  a downhole 
chamber i n  camnunication with the  w e l l  f luids .  
Downhole pressures a r e  determined by adding 
the  recorded surface pressures t o  the calcu- 
lated pressure exerted by the  weight of an 
i n e r t  gas column i n  the small tube. A por- 
t ab le  surface un i t  provides a permanent 
printed record of pressure versus time as 
w e l l  as a d i g i t a l  display fo r  continuous 
pressure monitoring. 

This i n i t i a l  development plus  

Since i n i t i a l  i n s t a l l a t ion ,  more than 
75 Permagauges have been run, including in- 
s t a l l a t i o n s  i n  a C02 p i l o t  project  i n  
Southeastern Mississippi. Discussed a r e  a 
general descr ip t ion  of previously avai lable  

keferences and i l l u s t r a t i o n s  a t  end of paper. 

remote reading bottom-hole pressure gauges, 
a resume of a l l  Permagauge in s t a l l a t ions ,  
plus detai led experience with the  Mississippi 
runs verifying the  accuracy of t he  Permagauge 
t o  be equal t o  wire l ine  pressure surveys. 

INTRODUCTION 

Bottom-hole pressure data a r e  rout ine 
requirements fo r  evaluation of production 
and reservoir  perforplance. Monitoring of 
reservoir  pressure response ma9 be especially 
helpful i n  evaluation and control of supple- 
mental recovery projects .  This might in- 
clude producing, build-up and static surveys 
a s  determined by prensure recorders run on 
wireline.  However, frequency and number of  
wells surveyed may be l imited due to  in t e r -  
ruption of normal production routine,  as w e l l  
as expense. Presence of some a r t i f i c i a l  l i f t  
equipment wf l l  prevent running conventional 
pressure surveys. Furthermore, production 
of highly corrosive f lu ids ,  together with 
potent ia l  damage from wire l ine  cu t t i ng  where 
plastic-coated tubing is i n s t a l l ed ,  can also 
be a deterrent  t o  obtaining ureful  pressure 
data. 

Permanent i n s t a l l a t i o n  of a downhole 
pressure detector.provides 8 ldeans of Con- 
tinuously recording pressures and may aid in 
adjustment of f l u i d  movement within a reser- 
voir .  Several such detectors  have been 
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developed which u t i l i z e  an electrical cable 
t o  transmit a pressure-induced signal t o  the  
surface. These gauges include i n s t a l l a t i o n  
of a downhole e lec t ronic  assembly with ex- 
posure of a pressure diaphragm t o  w e l l  f l u i d s ,  
Se lec t ion  of cables and e lec t ronic  assemblies 
su f f i c i en t  t o  withstand w e l l  conditions be- 
comes more d i f f i c u l t  with increased depths 
and temperatures. With a Permagauge pres- 
sure  monitor, downhole pressures are trans- 
mitted t o  the  surface by means of a small 
diameter tube without use of any downhole 
e l ec t ron ic  equipment o r  moving par t s .  A t  
t he  surface,  t he  pressure impulse is then 
converted t o  bottom-hole pressure. 

Since i n i t i a l  i n s t a l l a t ion ,  during 1973 
i n  a 4,300-foot hole, approximately 75 Petma- 
gauges have been run. These have included 
operations in: (1) routine o i l  and gas pro- 
ducers o r  water in jec tors ,  (2) water source 
wells, t o  enable adjustment of pumping rates 
i n  r e l a t i o n  t o w e l 1  bore f lu id  entry,  (3) gas 
storage input wells, (4) a shale-oil  develop- 
ment pro jec t ,  and (5) a 6% miscible flood 
pro jec t  a t  below 10,500 f ee t  i n  the  L i t t l e  
Creek, Mississippi Field. A sunwary of per- 
t i nen t  da ta  €or a l l  i n s t a l l a t ions  is l i s t e d  
i n  Table 1, with de ta i led  discussion limited 
t o  the  L i t t l e  Creek ins ta l la t ions .  

DS 

Stress ing  a w i r e  o r  other e l ec  
conductor w i l l  r e s u l t  i n  an increase i n  
e l e c t r i c a l  resistance.  S t r a in  gauges u t i l i z -  
ing t h i s  pr inc ip le  t o  measure pressure have 
been ava i l ab le  i n  several  forms for  many years 
I n  1948, a t a u t  wire gauge was developed and 
f i r s t  received widespread use i n  Europe. 
ends of t he  t a u t  w i r e  are attached t o  a sealed 
s t e e l  housing and a steel diaphragm. The wire 
is energized by a current pulse transmitted 
downhole. 
phragm, tension i n  the  wire i s  changed with 
accompanying changes i n  na tura l  frequency of 
t he  wire. An e l e c t r i c a l  signal is trans- 
mitted t o  a surface receiver for  comparison 
with a signal from a standard ca l ibra ted  wire 
fo r  determination of t he  applied pressure. 
Detailed descr ip t ion  of t h i s  equipment plus 
p rac t i ca l  applications i n  the  Rocky Mountain 
Area have been w e l l  documented by Engel.(l) 
More recently,  (2) a pressure gauge u t i l i z i n g  
a quartz transducer r a the r  than a t a u t  wire 
has become ava i lab le  fo r  f i e l d  application. 

The 

A s  pressure is  applied t o  the  d ia -  

During 1959, a downhole bourdon tube- 
type gauge was developed i n  the  United States.  
A s  pressure is applied t o  t h e  spiral-formed 
tube coupled t o  a code wheel made of an elec- 
trical conductor and an  electrical insu la tor ,  
a pa t t e rn  change i n  current requirements is 
effected.  By decoding the  current pattern,  
t h e  bottom-hole pressure can be determined. (1) 

h SURFACE RECORDING 
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I n  each of t he  above methods, dawnhole 
sigxkls a r e  transmitted t o  the  surface by 
means of an electrical cable which is nor- 
mally attached t o  the  ex ter ior  of the  produc- 
t i o n  o r  in jec t ion  tubing. 

PFXMAGAUGE SYSTEM 

The basic Permagauge system cons is t s  of 
a downhole chamber connected t o  a surface 
monitor by a small diameter tube f i l l e d  with 
a single-phase gas, usually nitrogen. The 
tube is normally secured t o  the  outside of 
t he  production tubing, extended through a 
packing gland i n  the  casinghead, hence t o  a 
rurface pressure recorder and optional digi-  
ta l  readout un i t .  

Downhole I n s t a l l a t i o n  

The downhole chamber permits expansion 
and canpression of the pressure transmitt ing 
gas without entry of w e l l  f l u id r  i n to  the  
tube. The s i z e  of t he  chamber is dependent 
on the  anticipated pressure range t o  be en- 
countered as well as diameter of tubulars. 
See Figure 1-A and r e f e r  t o  Appendix A for  
chamber length and volumetric calculations.  
Care must be taken tha t  the r a t i o  of  charnber 
volume and transmission tube is su f f i c i en t ly  
la rge  so that, with prevail ing pressure fluc- 
tuations,  well f l u ids  w i l l  rise i n  the  cham- 
ber only without entering the  tube. The 
chamber can be run immediately above a pro- 
duction packer with screened por t s  t o  permit 
pressure conrmunication between the  production 
stream and the  chamber. 

The pressure transmission tube is 3132- 
inch O.D. with 0.026- or  0.054-inch I.D. I n  
most cases, e i the r  a 304 or 316 s t a in l e s s  
s t e e l  tube has been used. 
t i on  rhould be given.to the  tube metallurgy. 
For some unsupported o r  free-hanging in s t a l l a -  
t ions,  t he  anticipated t e n s i l e  strength re- 
quirements may necess i ta te  a high y ie ld  
strength tube. However, such a tube may be .  
susceptible t o  f a i lu re  i n  a chloride 
environment. (3) 

Special considera- 

The tube i s  covered a t  each co l l a r  by a 
protector o r  guard banded to  the  production 
tubing. (See Figure 1-8.) For shallower, less 
demanding conditions, nylon bandixtg s t r aps  
have been adequate; however, a t  elevated 
temperatures and i n  the  deeper wells, metal 
bands are used. Anticipated annulus f lu ids  
should be of primary consideration when 
$electing the  type of metal band t o  be used. 

After installation of the  production 
equipment, the  3132-inch tube end expansion 
chamber a r e  displaced with nitrogen. 
gressive increase i n  shut-in monitor readings 
a f t e r  purging should ind ica te  continued 

A pro- 
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removal of l iquid.  
u n t i l  static surface pressure reading8 re- 
mained constant. In su f f i c i en t  displacement 
t o  remove a l l  l iqu ids ,  o r  the  e f f e c t  of any 
cumulative loss of gas, such as through sur- 
face leaks,  w i l l  r e s u l t  i n  lower indicated 
downhole pressures. 

Displacement is continued 

Surface Recording 

Several  options are ava i lab le  wi th  re- 
gard t o  surface pressure recording. These 
may vary from a simple ca l ibra ted  pressure 
gauge, deadweight tester, s ing le  pen recorder, 
d i g i t a l  pressure monitor o r  a combination 
d i g i t a l  un i t  and pressure recorder. 
p r inc ip le  of operation and a schematic of 
the  d i g i t a l  pressure monitor are shown on 
Figure 2. 
surface do not account fo r  the  weight of gas 
i n  t h e  transmission tube, a correction must 
be made. (See Appendix B.) A computer pro- 
gram is avai lab le  t o  provide for  d i r ec t  con- 
versions,  incorporating the  conditions for  a 
spec i f i c  i n s t a l l a t ion .  

The 

Since pressures measured a t  the  

I n s t a l l a t i o n  Experience - L i t t l e  Creek Fie ld  

During the  first attempted in s t a l l a t ion ,  
nylon s t r aps  were used t o  band the  tube 
guards. After an unsuccessful attempt to  
e f f e c t  a seal with the  production packer, it 
was necessary t o  pu l l  t he  production tubing 
and pressure assembly. Although the produc- 
t i o n  tubing had not been rotated during in- 
s t a l l a t i o n  o r  i n i t i a l  pull ing operations, 
most of the  s t r aps  had f a i l ed  and the  guards 
were l e f t  i n  t he  w e l l .  Extensive f i sh ing  
was required t o  recwer the  'pressure chamber 
and packer. Recovery w a s  especially d i f f i -  
c u l t  as a r e s u l t  of t he  guards f a l l i n g  and 
becoming wedged with loops of the  small tube 
between the  3 lf2-inch chamber and the  l e s s  
than 5-inch I.D. casing. Figure 3 indicates 
some of t h e  tubing and protectors accumulated 
a t  t h e  top of the  pressure chamber, a t t r i b -  
u t ing  t o  t he  d i f f i c u l t y  i n  recovery. 

Subsequently, various metal bands were 
tes ted .  Based on t h i s  evaluation, exposure 
t o  salt water i n  t h e  annulus plus possible 
exposure t o  a C02 environment i n  the  event 
of later production tubing leakage, monel 
s t r a p s  with "cut-and-crimped" connections 
have been used without fur ther  f a i l u r e  of 
t h e  bands. I n  addition, t o  minimize chances 
of having t o  pu l l  t he  assembly as a r e s u l t  of 
casing, production tubing, or  packer leaks, 
wireline packers were s e t  with pushout plugs 
in place t o  permit pressure t e s t ing  the  
packer and casing before running the  produc- 
t i o n  tubing and pressure assembly. 

The f i r s t  two Permagauges in s t a l l ed  i n  
the  L i t t l e  Creek Field,  a t  about 10,500 f ee t  

G. F. FARRIS 

u t i l i z i n g  316 s t a i n l e s s  s t e e l ,  were each i n  
serv ice  about one year before it became neces- 
sary t o  pul l  the  production equipment- the  
f i r s t  a f t e r  sand-bridging i n  the  production 
tubing and the  other as a r e s u l t  o f  ult imate 
f a i l u r e  of t he  production packer assembly. 
The transmission tube was retrieved from the  
f i r s t  well without d i f f i c u l t y  and appeared t o  
be i n  good condition. However, later t e s t ing  
revealed leaks i n  the  tube. 
showed corrosion p i t t i n g  which, in conjunction 
with the f u l l  hard temper and accompanying low 
duc t i l i t y ,  resu l ted  i n  mechanical fa i lure .  
Micrographs did not show evidence of stress 
corrosion even though t h i s  might be suggested 
by t h e  presence of chlorides. The tube re- 
cwered  from the  second w e l l  had parted i n  
numerous places; although, fo r  the  most, t he  
pieces were retained by the  bands and protec- 

the  y ie ld  strengths of samples from the two 
tubes tes ted  between 112,000 and 159,000 psi. 
A length of tube imnediately above the dwn- 
hole chamber In  the  second well had a y ie ld  
strength of 43,000 ps i .  This piece of tube 
was not damaged. 

Inspection 

' t o r s  at each tubing coupling. After recovery, 

Immediately p r io r  t o  pulling, both of 
t he  Permagauges re f lec ted  r e a l i s t i c  dawnhole 
pressures. Apparently, ult imate f a i l u r e  
occurred as the  tubes were stressed during 
pul l ing  and/or as the tubes were ro l led  on a 
r e e l  a f t e r  having been subjected t o  a chloride 
environment. Since replacement with annealed 
304 s t a in l e s s  s t e e l  tubes, with average y ie ld  
strengths of about 40,000 ps.1, no fur ther  
f a i lu re s  have occurred. 

c 
Comparison of Wireline BHP Data 

With Permagauge Results 

I n i t i a l l y ,  wireline pressure surveys 
were run i n  the two wells t o  determine the  
r e l i a b i l i t y  of r e s u l t s  from a Permagauge 
in s t a l l a t ion .  These surveys u t i l i z e d  pres- 
sure bombs normally used fo r  routine f i e l d  
bottom-hole pressure work. By comparison, 
the  Permagauge re f lec ted  25 p s i  higher pres- 
sure i n  Well No. 1-7 and 109 p s i  lower pres- 
sure  i n  Well No. 1-11, with recorded pressures 
ranging from about 5,500 t o  6,500 psi. 

Subsequently, the  tube i n  LCU No. 1-11 
was purged with additional nitrogen and a 
ca l ibra ted  Sperry-Sun precision pressure 
gauge run on wireline.  Special care  was 
taken t o  t i e  i n  the  depth of t h e  wire l ine  
gauge with the  sensing po r t s  of the  Perma- 
gauge downhole pressure chamber. 
surements were ve r i f i ed  by means of a re- 
s t r i c t i n g  nipple i n  the  production tubing 
36 f ee t  below the  Permagauge. 
survey re f lec ted  a downhole pressure 0.f 
6,562 ps i .  
t o r  readiag was 5,118 psi .  With t h i s  surface 

Depth mea- 

This wireline 

Concurrently, the  surface moni- 
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Ius  the  calculated pressure exerted 
by t h e  weight of t he  gas column, based on an 
average tube temperature of l750F, the  Perma- 
gauge system indicated a downhole pressure of 

column i n  t h e  transmission tube and ult imate 
determination of damhole pressures a r e  sen- 
s i t i v e  t o  the  prevail ing temperature. 
1750 average temperature used fo r  t h i s  spe- 
c i f i c  comparison was based on geothermal and 
flowing temperature gradients for  t he  subject 
area ( A P I  Paper No. 926-4-S) a t  t h  
flow rate p r io r  t o  t h e  wire l ine  su 
an estimated average 1500F static temperature, 
t he  same monitor reading would have indicated 
an  approximate 70 p s i  g rea te r  pressur 

For most shall&er in s t a l l a t ions ,  varia- 
t i o n  i n  average temperature w i l l  not have i n  
appreciable e f f ec t  on reported downhole pres- 
sures.  However, where a d e t a i l  pressure 
ana lys i s  i s  being made, considerstion should 
be given t o  t h i s  fac tor  - especially for  
deeper w e l l s  and thermal operations. 

The 

COST CDMpApISoN 

I n s t a l l a t i o n  expense fo r  permanent down- 
hole  pressure recorders w i l l  vary v i t h  depth. 
This is due primarily t o  required transmission 
tube, o r  wire conductor, protectors and bands. 
Comparative cos t s  (January 1974) fo r  a 10,500- 
foot permanent i n s t a l l a t ion ,  such as a t  Li t t le  
Creek, are as follows: 

Additional Rig 
Expense' $ 600 $ 600 $ 600 

Tube or Wire 3,55O(T) . 5,17O(W) 5,17O(W) 
Protectors and 

Bands 825 825 2,100 
Pressure Unit 

Bottom-Hole 885 9,980 2,823 
Surface 1 . 3 W  2,755** 1,270 

Tota l  Costs $7,200* $19,3W* $11,965 

*Add $4,800 for  d i g i t a l  un i t  plus pr in te r .  
** Add $4,500 fo r  p r in t ing  d i g i t a l  recorder, 

(1) Quartz transducer detector.  
(2) Bourdon tube detector.  

Cost fo r  a s ing le  rout ine  (Amerada) flow- 
ing BHP with a 72-hour buildup run on a wire- 
l i n e  under the  same conditions i s  about $750. 

DISCUSSION 

Observation of wellhead pressures i s  a 
rout ine  da i ly  function i n  normal well  surveil-  
lance. Determinations of bottom-hole pres- 
sures,  even though of  grea te r  significance,  

!TITOR - THROUGH A TUBE SPE 560 

a r e  done f a r  l e s s  frequently due t o  compara- 
t i v e  expense o r  p rac t i ca l i t y  of obtaining such 
infomation. Where the  expense can be j u s t i -  
f ied ,  i n s t a l l a t ion  of permanent bottom-hole 
pressure monitors o f f e r  a continuous means of 
securing such data. 
t h i s  expense is  due t o  the  transmission tube 
o r  wire and associated protectors and bands, 
i n s t a l l a t ion  i n  deeper wells may be more d i f -  
f i c u l t  t o  j u s t i fy .  
longer-lasting, trouble-free performance with 
the  Permagauge, which contains no moving pa r t s ,  
as compared t o  an e lec t ronic  or  downhole 
bourdon tube-type gauge, which may require 
periodic reca l ibra t ion  and r e ly  on an insu- 
l a t ed  e l e c t r i c  conductor cable. 

Since a la rge  pa r t  of 

However, one should expect 

The surface monitors can e i the r  be trans- 
ported t o  d i f fe ren t  wells or  tubes from var i -  
bus wells connected t o  a manifold a t  a cen t r a l  
location, As a s ide  benef i t ,  t h e  combination 
monitor and p r in t e r  can a l so  be usgd for  con- 
tinuous recording of surface buildups o r  other 
pressure monitoring on wells which have no 
downhole detector.  

CONCLUSIONS 

The i n i t i a l  expense of permanent downhole 

This may tend t o  l i m i t  
pressure monitors is grea ter  than routine wire- 
l i n e  pressure surveys. 
i n s t a l l a t ions  t o  special  s tud ies  o r  spec i f i c  
problem wells. 
the  Permagauge o f fe r s  a de f in i t e  po ten t ia l  for  
narrowing t h i s  difference in cost.  
detector can be used e f fec t ive ly  t o  monitor 
dcrwnhole pressure t 
tube. However, car s t  be exercised i n  
se lec t ion  and securing adequate banding s t r aps  
and proper metallurgy fo r  transmission tubes 
t o  aEsure against  f a i lu re ,  The transmission 
tube should be thoroughly purged with a single- 
phase gas and precaubions taken t o  assure  
aga ins t  any leakage. 
cent to  the  transmission tube may vary 
appreciably as a r e s u l t  of changing produc- 
t i on  rates o r  t h e  well being shut in ,  t h i s  
change should be considered i n  determining t h e  
weight of t he  gas- f i l l ed  tube column. 

It is believed, however, that 

This 

gh a wall diameter 

When temperatures adja- 

We are par t icu lar ly  gra te fu l  t o  Mr. B. E. 
Douglas fo r  hie valuable contribution i n  in- 
s t a l l a t i o n  and evaluation of t he  Permagauges 
i n  t h e  t i t t l e  Creek Fie ld  Unit. 
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APPENDIX A 

C W E R  VOLUMETRIC AND LENGTH CALCULATIONS 

Tube Volume, (3/32" O.D. & 0.054" I.D.) 
(0.7854) (0.054)2 (12) = 0.0275 cu.in.lft. 
or 10,500 feet = 288.57 cu.in. 

Concentric Chamber Volume, 
(3 1/2" O.D., 2.992" I.D., w/2 310'' bore) 

= 31.21 cu.in./ft. 
= (0.7854) [(2.992)2 - (2.375)2] (12) 

., 
For Maximum 6500 p s i  6 Minimum 3000 p s i  BHP 

Chamber Volume = 
(kiax. Pressure) (Tube Volume) - Tube volume 

Min. Pressure 
Chamber Volume = 

(6500) (288*571 - 288.57 = 336.67 cu.in. 
3000 

336 67 Rewired Chamber Length = 31.21 = 10.18 ft. 

APPENDIX B 

CORRECTION FACTOR (For Nitrogen-Filled System) 

BRP = Surface Pressure + (Gradient) (Depth) 

G. F. FARRIS 

Average Pressure = 

Gradient = (DX) (.433333 psi/ft) 

BHP + Surface Pressure 
2 

With: 

Where: 

Pi = 1 Atmosphere (14.6735 psia) 
Vi = V2 = Volume of System 
T1 = 0% 
D1 = Density of N2 at 0% = 0.001251 
21 = Compressibllity of N2 @ 0% 6: 1 atm. = 1 
P2 Average pressure, atmospheres 

32- - 49208 

- T 2  = Average temperature, Oa 
D2 = Average Density of 4 
22 - Super Compressibility 

(Pa (1) (492) (0.001251) 
(22) (460 + t) (14.6735) D2 

Averane Gradient = - 
(Pi> (492) (0.001251) 

(.43333) [ (22) (460 + t) (14.6735)] 
or 

(0.0181765) (Pa 
(22) (460 + t) 

As compressibility will vary with pres- 
sure and temperature, which alro vary with 
depth, corrections must be provided for 
changes in there conditions throughout the 
anticipated pressure range to be recorded. 
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c 
. TABLE 1 - SUhBTARy - PERMAGkUGE IIVSTALtATIOIJS 

Olclahom I 1 I Supply I Water { 1.487-2.0001 70 I 101 2SOI Suepeedad 

AVERAGE 

3 Month. 

3 Month8 

7 Monthdb) 10174 

13 Months 

8 Month8 3/74 

12-19 Month8 '73 6, '75 

21 Month8 2f 73 

11 173 

3 Months 

available or incaraplete. 
(b) hlld and reuuwd i n  ether locatime. 
(c) Test caapleted. 
(a) Wells palled for ramdial wrk. Mew tuber installed (refer to Inrtallation hrperimca - L. C. Fie ld) .  
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PRINCIPLE OF .OPERATION 

The Permagauge features a force balance system combining a pressure 
sensor with an electro-mechanical feedback. 
SENSOR I S  MATCHED EQUALLY BY A FORCE DEVELOPED BY A FEEDBACK SPRING WHICR 
RETURNS THE SYSTEM TO A POSITION OF NO AFFECT. 
is connected t o  an optical-mechanical encoder that in turn relays a signal for 
numerical display of applied pressure. 

THE FORCE APPLIED TO THE PRESSURE 

The electro-mechanical system 

Referring to  the schematic drawing, the pressure transmitted by the 
gas column f i l l i n g  the s m a l l  diameter tube is applied t o  the bourdon tube 
sensing element (1). This element is in t u r n  attached to  a beam assembly (2). 
Any variation in pressure w i l l  deflect the sensor and hence the beam assembly. 
The free end of the beam is attached to  a slotted vane, which Interrupts a 
ray of l igh t  impinging on a dual element photo conductive cell (3). 
photo conductive cell is coupled into a bridge network (4). Any motion of the 
slotted vane w i l l  cause an unbalanced condition or differential  signal in the 
bridge. This signal, amplified, drives a servomotor (5) and a lead screw (6). 
A feedback spring assembly (7), riding on the lead screw, is also connected to 
the beam assembly. 
balance the force in i t i a l ly  applied through the gas column t o  the pressure 
sensor. Turning of the lead 
screw positions the optical-mechanical encoder (8) to  ref lect  the applied pres- 
sure with l ighting of display bulbs for d ig i ta l  readout ( 9 ) .  

The 

r 

Movement of the lead screw moves the feedback spring to  

Thus, the system is returned t o  a null position. 

Fig. 2 - Permagauge d ig i ta l  pressure monitor and surface inst.allation. 
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BASIC REFERENCE 

B-1275-08 

b BAKER AUTOMATION SYSTEMS a division ot KOBE. INC. 
Y 

la 7130 HARWIN DR.. HOUSTON, TEXAS 77036 TEL (713) 781-5600* TELEX 762-734 

a 
EXPIRATION DATE CUSTOMER REFERENCE PAGE 

BWGETAFiY Verbal Request 1 Of 2 

1.0 Master Station incluQing- 
1.1 Data General computer vitb 32,000 mrds of memory, 

power fail option and real time clock 
1.2 Black end white alpha numeric cathode ray tube 

end interface 
1.3 Printer/Keyboard for hard copy recording such as 

a Texas Instruments 733 ASR 
1.4 7 track magnetic tape end interface 
1.5 PFSIT 26/31 BCH Supervisory Control System inter- 

face including computer interface mit, BUS 
Control and Formstter (BCF) module, a trans- 
ceiver modem made, power supplies and cabinetry 

2.0 Softvare including Data General executive telemetry 
driver and PRIMUS data base management system but not 
inclang application routines, system logs or display 
formats which Vi11 be defined at a later dsta 

$ 17,000.00 

4,000 .oo 
5,000.00 
14,000.00 

8,000 00 

$ 14,000.00 

Order8 subject to acceptance by BASIC. Entire 
agreement will conslst of order, acceptance and Terms 
and Conditions of Sale on reverse hereof. 

FORM NO. 88-1-205 ( 1 S )  
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Mr.; Tony Podlo 
Department of Petroleum Engineering 
Austin,.TX 78712 

3.0 PERT 26/U BCH .Remote Terminal Un-t with ca-lnet, 
paLer supplies, data modem, t h i n g  and control, 
address decode, relays and filed terminals for the 
f ol.hdng &put/Output : 

-30 analog hputs  reqUiring Analog-to-Mgltal 
converter and 8 four-point nnalog input car& 

-3 analog outputs requiring 2 two-point analog 
output cards 

-4 D i g i t a l  control outputs reuQiring one 
24-point control output card 

-9 atatus/alarm inputs requiring' one 2Lpoint 

December 22, 1975 
Page 2 of 2 
B-1275-08 

input card 

In  W s  configuration there are 3 spsre inpUt/output 
card slots for future expansion. $ 6,000.00 

4.0 PmJect Wnagement $ 5,000.00 

$ 73,000.00 Total Estimated System Cost 

we estimate that six mnths toill be required t o  implerent the system over 
which time- progress payments Will be repdred. 

We appreciate the interest you have shown i n  Baker  Automation Systems end 
our products. 
tate t o  contact us. 

If we can be of any further assistance, please do not hesi- 

- ~ n d  of Quotation - 
bh 
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BAKER AUTOMATION SYSTEMS 

Ll 7130 HARWIN DR., HOUSTON, TEXAS 77036 TEL. (713) 781-5600. TELEX 762-7 

A BAKER OIL TOOLS COMPANY 

A DESCRIPTION OF EASIC'S 

PERT 26/31 BCH 

SUPERVISORY COFJTROL AND 

DATA ACQUISITIOM SYSTEM 

INTRODUCTION 

SYSTEM OVERVIEW 

CO14MUlI ICATIONS 

MESSAGE STRUCTURE AND CODING 

CEXTRAL CONTROL STATION 

SOFTWARE: 

PERT 26/31 BCH REMOTE 

SYSTEM SUPPORT 

i 
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L 4  1.0 INTRODUCTION 

not too long ago, when a desk top calculator capable of 

was reasonably priced at  s i x  

Moreover, the unit  weighed i n  excess of twenty pounds and 

occupied one square foot of desk space. 

t o r s  are priced as low as twenty dollars,  weigh no more than eight ounces, 

and f i t  i n  the palm of the hand. 

are many times fas te r  i n  operation th& t h e i r  electro-mechanical predecessors. 

Times have changed! Today calcula- 

As an added benefit ,  calculators of today 

I 

These improvements are the resul ts  of advances i n  sol id  state technology. 

The sane technological advancements have been applied t o  supervisory control 

and data acquisition systems with equally impressive results.  

I 

1 

! 

1 

~ s i l icon  predecessor. For example: 

A new generation of so l id  s t a t e  integrated c i rcu i t  ( I C )  has evolved; it is 

cal led Complementary Metal-Oxide Semiconductor (CMOS) . 
vices provided advances over germanium, CMOS provides advantages over i t s  

~ 

Just  as s i l icon de- 
I 

i 
i 

I 
~ Chip r e l i ab i l i t y  i s  increased because there are  fewer 

CMOS inverting amplifier i s  compose$ of only two f i e l d  
I 
I components i n s i d e  the chip. For instance, a simple 

I 
I ef fec t  t ransis tors ,  
I 

Wide temperature range allows greater f l ex ib i l i t y  i n  
design. 

Wide power supply range places fewer restr ic t ions on 
choice of power supply. 
from 3 t o  15 volts. 

Current consumption i n  CMOS devices is extremely low. 
Maximum quiescent current i s  0.5 microamperes with a 
5V power supply. 

CMOS devices exhibit high DC noise immunity and provide 
good AC noise immunity for  high t o  low level  t ransi t ions 
of shdrt  duration pulses. 

Typical range for  CMOS is  -4OOC t o  +85OC. 

CMOS ICs operate a t  voltages 



1-90 

Lid 
BASIC began using CMOS c i r c u i t i y  ear ly  i n  1973 with the  introduction of 

t h e  PERT (Power Eff ic ien t  Remote Terminal) 11/15 BCH System t o  the super- 

visory control industry. 

BASIC increased the  input/output capacity of the  system with the  PERT 26/31 

BCH System. 

Spurred by the success of the PERT 11/15 System, 
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W 

W 

2.0 SY STE4 O'JERVIEW 

PERT 26/31 is a dig i ta l ,  zontinuous scanning, renote control and data 

, the system consists of a Central Control 

Station (CCS) a?d one o r  more field-locLt8d Remote Terminal U n i t s  (RTU). 

Data transmission between the central  and remote locations is accomplished 

on a single comunicatio channel. 

CCS over a , s ing le  communication channel i s  termed a "part 

This party l i ne  scheme naturally saves cable costs and i s  possible because 

the CCS i n i t i a t e s  and has full control of all communication on the channel. 

The RTUs respbnd only when adZressed 

Accessing many remote stations from the 

Regardless of the comunicatio 

direct  wire l i ne ,  a radio 

heme employed-leased telepfione l ines ,  

o r  soce combinetion 

sophy. The CCS 

selected RTU responds 

the CCS Imnsmits 

l i n e  receives the 

message. Since 

RTU can decode the 

an interrogation onto the channel, each 

r i t y  check on the 

es the appropriate 

functions t o  input data o r  perform a control output. The rate of these 

a l i t y  of the date being retrieved 

and type of communication media used. 
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Tfie 3W assumes the following functions i n  addition t o  that of address 

decoding and recognition. 

Signal d ig i t i za t ion  - d l  data i s  f i l tered,  converted t o  
d i g i t a l  form ,and then converted t o  regresentative fre- 
quencies f o r  transmission, a s  o?posed t o  t ransmit t ing 
ac tua l  voltage leve ls  and to l e ra t ing  the attendant s igna l  
degradation. 

Data multiplexing - a l l  end points are interfaced t o  t h e  
communications channel v i a  appropriate inpilt/output cards 
i n  the  RTU. Ilmy inputs and o u t p t s  are avai lable  t o  the 
CCS over a s ingle  communication channel. 

Time mdt ip lex ing  - each RTU "time shares" the pa 
f i t h  other  IiTUs under the  direct ion of the CCS. 

The electronics  within a remote u n i t  a l lov  f i e l d  data t o  be transmitted 

from environments which are not conducive t o  measurement o r  cmmunication. 

Since a l l  data i s  t ransferred i n  d i g i t a l  form, nessage va l id i ty  checks are 

necessary, 

r i gh t  o r  1.00% wrong because only two log ica l  states are used ( log ica l  "1" 

and logica l  "0"). 

the Eose-Chaubhuri/Hocquenghem (BCH) e r r o r  detection code. 

are associated w i t h  each 26 data Sits. The BCH code b i t s  are attached at 

t h e  end of each data block whether transmitted by the CCS o r  the RTU. In 

addition t o  the  BCE secur i ty  scheme, R CHJ3CK-BEFORE-OPERE scheme is  used 

for  control outputs. The CCS requests a control  'output of an RTU and t h e  

RTU respcnds vit.11 (311 echo of t h i s  request. This echo v e r i f i e s  select ion,  

and the CCS then transmits an executive command t o  complete the  sequence. 

Each binary d i g i t  ( b i t )  of data t ransfer red  i s  e i t h e r  100% 

Therefore, t o  detect  message e r ro r s ,  FZFtT 26/31 employs 

Five check b i t s  

Security,  r e l i a b i l i t y ,  and f l e x i b i l i t y  characterize the  PERT 26/31 BCH 

System. 

re l i&ble  method of remote control and data acquis i t ion,  bu t  also provides 

The C:.!OS c i r c u i t r y  of t he  system not  only results i n  a more 

a cost e f fec t ive  system solution. 
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3.0 COib~RT;iICATIONS 

The system commic  be chosen from a number of available 

options such as ngdem, RS-232C, and D.C. k.eying, t o  mention a few. With 

t h i s  degree of f l ex ib i l i t y  any communication method nay be selecteC by the _. I 

system engineer i&th the assurance t h a t  the PERT hardware i s  able t o  support 

the method selected. For example, the cornmication system may be a direct  

, a radio and/or micrm-ave system, o r  

Some of these cornmication multiplexed channels. 

cation t o  the PERT 26/31 BCH Systems are br ie f ly  covered below. 

3. 1 Direct Hardwired Line - When the PERT systcn is t o  b 

i n  open country with a sparsity of population, direct  wired systerns con- 

ect  bui-ied 19-2 ib l e  

communication solution. After years of experience with haredired cornmi- 

cation c i rcu i t s  operating at speeds up t o  18,000 b i t s  per second, BASIC 

engineers are available t o  assist with the design of hardwired circui ts .  

ed for amplifiers, edance matching 

the cable systen' in order t o  minimize 

all com- 

munication cables i n  the same cable as power. There e x i s t  inexpensive 
I .  

practices which, i f  employed, make t h i s  a perfectly sound cornmication 

3.2 Leased Telephone Lines - Frequently, the system i s  ins ta l led  i n  

areas where telephone companies have existing f ac i l i t i e s .  In t h i s  cese, 
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leased l ines  can be considered. In almost all cases, modems are employed cz 
for  interfacing t o  the communication channel. 

l ine  permits cornmuqication speeds of 1200 b i t s  per second and by frequency 

multiplexing procedures other communication speeds of 600, 300, 150 o r  75 bps 

can be implemented with standard asynchronous modems. 

A typ ica l  voice grade leased 

By use of synchronous 

modems and conditioned l ines ,  speeds up t o  2400 b i t s  per second can be 

achieved over the leased f ac i l i t i e s .  If leased l ines  are considered, the 

telephone companies provide a l l  of the amplification, equalization, and im- 

pedance matching required t o  maintain sat isfactory channel operations. 

3.3 Radio and Microwave Communication System - Radio and rhicrawave 

communications systems lend  themselves readily t o  use i n  supervisory control 

applications involving locations where access by cable is di f f icu l t .  

are again employed t o  provide an interface for  the PERT 26/31 BCH equipment 

t o  the communication channel. These two solutions each require investi- 

gation of feas ib i l i ty  i n  terms of cost effectiveness te r ra in ,  l icensing 

procedures and required mintenmce. The best  selection of a UHF o r  VKF 

Modems 

radio system involves F. C. C. regualtions chapnel. ava i lab i l i ty  and the 

topography of the instal la t ion s i t e .  

methods, thorough consideration must be given as t o  the best scheme f o r  each 

instal la t ion.  

Before implementing any of these 

On the best  communication system, data errors  w i l l  result from the e f fec ts  

of e lec t ros ta t ic  and/or electromagnetic noise. 

effect  of spurious noise, PERT 26/31 BCII employs input f i l ters,  signal 

frequency discrimination c i rcu i t s  and a highly secure message format. 

To combat t h i s  undesired 

Lid 



4.0 MESSAGE S P W W  AND CODIi!G 
w 

. 
12 1314 15 1617 181921)2122 2324 252627 2823 32 31 

1 
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The Pl!XT 26/31 BCH Sjrsten employs the  Bose-Chau&uri/Hocquenghem (BCH) e r r o r  

detection code a s  the primary message securi ty  scheme. BCH cocles have found 

wide use in  supervisory control and data  acquisit ion systems. This scheme . 

involves dividing the data p r io r  t o  transmission by a selected divisor.  

remainder from t h i s  division process is then transmitted as BCfi check b i t s  

with each data block. A t  the  receiving end, e lec t ronic  c i r cu i t ry  performs 

the  same division on the incoming data bits, If there  have been no trans- 

mbsion er rors ,  the  two'remainders will be ident ical .  

is complete the  transmitted remainder is simply compared against  t h a t  gene- 

The 

I 

So, a f t e r  .the division 

rated within the-receiver .  

b i t s  within each message block. 

The PERT 26/31 BCII System u t i l i z e s  f ive  check 

This f ive b i t  code w i l l  allow detection of 

- all single  and double b i t  e r rors ,  all e r r o r  bursts of length five o r  l e s s ,  

94% of a l l  e r r o r  burs t s  i n  excess of s i x  bits. The PE3T 26/31 BCH message 

word is shown i n  Fi 

CHECK 

c .  v--\ 

Fi gu 
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The message forma% of the PERT 26/31 System represents optimization of both 

message eff ic iency and security.  

divided i n t o  b i t  groupings as shown i n  Figure 1 b. 

The fundamental 31-bit messsge block is 

- --...- ----- I-- 2 
SECTION 1 SECTIGI? 2 

Figure 1 b 

Two 1.3-bit informzition sections are arranged as 12 informaticn b i t s  and one 

b i t  for i n t e rna l  control  purposes. These t w o  sect ions t o t a l  26 information 

bits. Along with f ive  BCH code b i t s ,  a nessage block of 31 b i t s  r e su l t s .  

The eff ic iency of this coding arrangerent i s  26 aivided"byA31; o r  83.95. 

A control lit indicates  direct ion of transmission. I f  t h i s  b i t  is log ica l  

"0", the  message i s  a cent ra l  t c  remote transmission. For transmission i n  

the opposite direct ion,  ( i .e . ,  remote t o  cen t r a l )  the  A b i t  is set  t o  a 

log ica l  "1". 

t i n g  mode of the  system (scan o r  control)  i s  establ ished by the  manner i n  

After the message format of t he  system i s  defined, the  opera- 

which .the data b i t s  are organized. 
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4.1 

one). 

t h a t  three bits  i n , t h e  first sec t ion  and twelve b i t s  i n  the  second sec t ion  

Scan 14essages - The scan message contains an address ( i n  sec t ion  

One remote can be required t o  decode a number of scan requests. tlote 

a re  not  used f o r  scan requests.  

BCIi System allows t h e  remote s t a t i o n  t o  respond t o  each scan request with 

as fex  as one, or ari many as eight message blocks. Each message block i n  

the rep ly  c o n s i s t s 4 0 f  two 13-bit  groups c a l l e d  sections.  

contain information from twelve ind iv idca l  s ta tus/alarm poin ts ,  s i x  goin ts  

of  status with nemory, one analog poin t  ( telemetered value) o r  one poin t  of 

accumulation. 

a remote s t a t i o n  "echo" which defines the remote u n i t  responding. 

A da ta  streaming fea ture  of the PERT 26/31 

A da ta  sec t ion  may 
r I  

I 

._ - 

The first sect ion of the first data block returned contains 

The re- 

maining sec t ions  of each block contain system data. 

b inary  d i g i t s  i n  t h e  address f i e l d ,  512 ind iv idua l  scan addresses mag' be 

each communication channel. Figure 2 

Since the re  are nine 

Figure 2 
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4.2 

each control message contains the  address. 

Control Nessages - Like the scan message, the first section of 

Xach of the  512 possible 

addresses defines twelve points of d i scre te  control  or one point of analog 

output control. A control message i s  shown i n  Figure 3. 

Figure 3 

Both the A and B sections of the message are used t o  format a control  request 

message. The l ead ing  b i t s  i n  Section A are assigned t o  ident i fy  FESZT-CLOBZ- 

OPE3 functions. The remaining ? b i t s  i n  Section A are address bi ts .  

Section B i n  the message block contains 12 b i t s  which are used t o  nodifjj tke  

control aiiciress by select ing one from among 12 possible. control points.  

This combination of Section A and Section €3 for control  application allows 

fo r  s ing le  address t o  control  12 individual devices, each capable of being 

reset, opened o r  closed. 

used f o r  cove rbg  12 bi t s  of d i g i t a l  data  and t h e  control  address is used 

In the  case of Set Point Control, Section I3 i s  

t o  select a pa r t i cu la r  device such as D/A Converter, l o c a l  digi t82 display 

and other  devices. 
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4.3 Control Sequence Check-Before-werate - In  addition t o  

Bose-Chaudhuri message security, safety i s  provided i n  the PZRT 26/31 3CH 

system by u t i l i z in  

This sequence i s  shown i n  Figure 4; the operation i s  as follows: 

1. 

2. 

che ck-be f ore- 

"he master sends a control message t o  a device within a remote station. 

Tne remote responds t o  the master s ta t ion w i t h  an "echo" message block 

containing indentically the infomation received from the master. 

actual end e l  

The master compares the message received with the one previously sent,  

and i f  the comparis valid, the master generates a message ( to  the 

30 

n t  control hasbyet taxen place in  the remote. 

3. 

- remote) containcng 

4. "he remote able t o  decode the activate message w i l l  execute the previously 

selected control point and will 

indicating tha t  the control sekuence has been successfully completed. 

espond t o  the master with another echo 
i 
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W 5.0 CENTRAIJ CgNTROL STATIOIT 

Consistent w i t h  the s scanning systems, t o t a l  system 

control originate Control Station [CCS). The CCS may be 

under the direct i  uter, a hardwired scanner, or a manual 

is available w i t h .  the 

PXRT 26/31 BCB Master Terminal Unit (ilTU) hardware. The components of the 

. i l lustrate  component interaction and 

Designed aromd concepts used i n  

PEfiT Idaster Terminal em?loys a paral le l  data 

es are connected as required t o  sat isfy the 

CCS types.) 

modern d i g i t a l  

5.1 

i s  LL manual station and is  completely contained Idthin a 5'' high x 19" wide 

x 12" deep chassis w i t h  a front panel 

provides the syste 

~ a n u a l  ccs - me most elementary Central Station configuration 

The operator' s display/control panel 

perator w i t h  the means for  t o t a l  system control. 

Through th i s  panel, the operator comunicates with the system on a demand 

As show The o2erator decides when and which ?.PU t.0 interrogate. 

i n  Figure 5 ,  the required hardvare includes a manual operator's panel, 

modem/transceiver ..logic, .and the buffer logic 
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The panel contains the necessary t h m b i i e e l  and pushbutton sw tc3es 2nd . 

display l i gh t s  t o  alloTv the  operator t o  manually en ter  a request f o r  inter-  

rogation or  control. 

format i n  orcier t o  communicate with the  RTUs. 

Tne operator must en ter  the message i n  the proper 

After configuring the message, 

the operRtor releeses it f o r  transmission. The panel gates the message 

through the l i n e  buffer  e lectronics  t o  where the BCH code b i t s  are generated 

and attached. 

t i on  f a c i l i t y  through the modem. 

within a specif ied time period, a MO RU-RESPOIJSE diagnostic i s  presented 

The message is  se r i a l i zed  and t ransfer red  t o  the  cornmica- 

If tke addressed RTU does not respond 

t o  the operator. 

transceiver log ic ,  demodulated, checked fo r  va l id i ty ,  and gated t o  the  buffer  

logic  e lectronics  for  dis t r ibut ion t o  the display portions of the operator’s 

Response mssages from an RTU are clocked in to ’ the  modem 

pazel. 

Because the manual system requires continual operator@ action, the  manual 

system is cumbersome and not recommended as sa t i s fac tory  when large numbers 

of remotes are invalved. The manual equipment does have a benef i t  t o  large 

system configurations t o  provide backup and/o,r diagnostic capa%ility. I n  

non-computer based system the scanner can be added t o  the manual s t a t ion  

t o  re l ieve the operator of the burden of system scanning. 

5.2 

system i s  the hrsrdvired scanner shovn i n  block diagram form i n  Figure 6. 

As i t s  name suggests, the scanner i s  a hardvare Oevice which automaticbly 

nnd sequen t id ly  generates scan messages t o  interrogate  each of the  system 

Hardwired CCS Vith Scanner - The next s tep  forward from EL manual 

iTi’us. 



1-103 

This device interrogates  the system i n  a continuous sequence. 

from the  RTUs may be displayed i n  a 

extremes are: 

among a l l  points i n  the f i e ld ;  &a the  opposite extreme, t o  have an individual 

display.  device 'for ea 

cos t ly ,  a number of L "  cost e f fec t ive  data display opportunities e x i s t  between 

these extremes. Any re r o l  o r  out-of-s rice interrogat ion is  

i n i t i a t e d  by the syste  

a message from the  CCS t o  an RTU 

operation of the CCS with t h  

gations automatically m d  sequentially. 

Data received 

e r  of d i f fe ren t  methods. The two 

one s ingle  multiplexed display un i t  which can be time-shared 
- 

f i e l d ~ p o i n t .  While the  l a t t e r  is obviously the  most 

e sequence of e s involved in get t ing  

, t o  t h a t  described i n  the  manual 

exception t h a t  the  scanner generates interro-  

The operator 's  console is usually 

a custom-designed device which services  the  particu8J.r needs of each i n s t a l -  

l a t ion .  Standard display and control modules are ,  however, available t o  



I - 104 

5.3 

the key words i n  the Computer Directed CCS canfiguration shown i n  Figure 7. 

Any nm3er of varied tasks  and interrogation sequences become software op- 

t ions.  

basis arid resaond t o  input information i n  real time. If tfie results of en 

interrogat ion indicate  an alarn s i tua t ion ,  t he  coiTuter may i n i t i a t e  reme- 

d i a l  action, no t i fy  the operator 3y an audible s igna l ,  o r  i n i t i a t e  o ther  

combinations of actions. 

Computer Directed CCS - Flex ib i l i t y  and low cost  expansion are 

I 

The cozn2uter i s  programmed t o  interrogate  each ETU on a regular 

me computer communicates with the l i n e  buffer vie the  da ta  bus through the  

computer in te r face  card. 

t h e  coqmter  input/output ports and the data bus. 

This card performs necessary handshakes between 

Operation of the  CCS is 

Ir 



w ident ical  t o  the two previous cases once the message from the computer i s  

placed on the.system data bus. 

system invites expansion since only minor change is required. 

A properly configured hardware and softvare 

The transceiver and modem modules (termed 

communication between CCS and the remote stations.  

m a y  be ut i l ized with a single computer interface card. 

are addressable by the computer and each may operate-at  different communi- 

cation speeds. 

time and t o  provide hardware backup of CCS equipment. 

matrix i s  available and is  used t o  selectively connect a l i ne  buffer with 

one of four communication channels. 

ine buffer) are used for 

Multiple l i ne  buffers 

The l ine  buffers 

!.lultiple buffers are used t o  reduce the t o t a l  system scan 

A l i ne  switching 

The l i n e  switching cap also provides f i c i a l  b a c k u ~  capabili t ies.  

For instance, if through a l i ne  buffer/l ine switching complex, a computer 

w a s  communicating with twelve RTUs and a break i n  the channel developed, 

communication with some number of RTUs would be lost .  However, i f  the com- 
I 

muriication line were'looped back t o  a second terminal. on the  'line switching 

device, then the he break from one direction could be reached 
t 

from the opposite end of the loop. 
. . .. 

.. ., 
In addition, i f  two l ine  buffers each employed. a line switching device, 

backup provisions bet\.Jeen the two l ines  could be accomplished by inter-  - 

connection of the l ines.  If one l i n e  buf 

the other complex coul both lines. Selection from among these 

alternatives is s t r i c t l y  a function of custoner requirements, but it is  

ine switching complex failed, 

w important t o  note tha t  the standard PERT hardware provides these options. 
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A wide range of madmachine interface p o s s i b i l i t i e s  e x i s t  when the CC 

ihcludes a conputer. 

ne t i c  tape casset te  drir-es are  a f e w  examples. 

Cathode Ray Tube displays,  line pr in t e r s ,  and nag- 

Bulk data storage uni t s  

such as discs can .be used t o  provide trending information. 

many complex calculations and sophisticeked data reductj.cn techniques xay 

be accomplished vit'n t h e  computer. 

In  adClition, 

5.4 

For applications requiring m a x i m m  safe ty  and operational ava i l ab i l i t y ,  

PERT 26/31 BCH CCS is configured f o r  standby mode, as-'shotm .ii F+gure 8; 

Computer Directed CCS - Redwdant (backup) Configura3ion - 

f 
TJ C3: t KCi I CA.10.i FACIf.1 TY 

http://reductj.cn
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tj The concept u t i l i z e d  i s  t h a t  of redundant equipment a l locat ions f o r  t he  

control  areas of the  system madules. 

venience (such as control points ,  ex t r a  loggers, support and off-l ine 

"he equipment which i s  used fo r  con- 

equipment) is general o t  duplicated due t o  economic reasons. However, 

any device which upon failure w i l l  a f fec t  a major portion of the overa l l  

" system operatSon is backed up. 

Dual computers together with interfaces  t o  the CCS hardware are  provided. 

y f a i l u r e  i n  one of 

ing over the syste  

s would r e su l t  i n  the other  computer 

ica t ion  modules con- 
, \  

s i s t i n g  of Trans ceive used. Failure i n  

e i t h e r  un i t  would res 

t ion  and transmission. 

r system data recep- 

Fai lure  i n  the  control and display console is  termed non-crit ical  since the 

overa l l  system operation can'be performed by use of the  available logger 

and/or CRT and keyboard. 

t i o n a l  convenience-can be to le ra ted ,  then all of the modules at  the  CCS 

'are backed up. 

s a fe ty  t o  the system. 

If no degradation of systen; operation o r  opera- 

Main and backtip power uni t s  are  configured t o  o f f e r  overa l l  

rovide manual 

interrogation of the  remote s ta t ion  data and have the capabi l i ty  of sending 

control commands t o  the remote s ta t ions ,  

. *  
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6.0 SOFTdARE 

The PzrcC 26/31 BCK Syster;; software belongs t o  one of t w q  software groups, 

the  executive routines and application software. Tne a m G m t  of custom pro- 

g r m d n g  necessary i s  dependent on the uniqueness of a par t icu lar  i n s t e l l a -  

t ion.  Since BASIC has writ ten software.for a number of sys t em,  an extensive 

l i s t  of generalized application routines are  i n  the software l ib rar j  wad may 

be abie t o  be adapted t o  various requirements. 

by the system define the application routines required. 

t i n e  devotes cen t r a l  processor resources t o  t h e  execution of each a2plication 

routine. 

another, the same executive rout ine vi11 satis* a number of d i f fe ren t  sys- 

t e m .  

based supervisory control application, has been supplied i n  more than for ty  

separate systems without modificatisn. 

routine which is responsible f o r  task  schedullng, in te r rupt  processing; and 

The functions t o  be performed 

"he executive rou- 

So, while the application routines w i l l  vary from one system t o  

R X O t I ,  the  executive routine wri t ten by BASIC spec i f i ca l ly  f o r  core 

ECOX is  a multi-tasking executive 

control  of application routines. 

based on t h e i r  p r i o r i t y  es tabl ished at  t h e  time of system generation. 

Tasks or application routines a re  scheduled 

Up t o  

63 application routines may be scheduled under XECOM. 

non-interruptable , interruptable  and non-reentrant or  interruptable  and 

f u l l y  reentrant. 

occupies only three thousand memory locations. 

Each routine may be 
4 

RcCOl4,. including m a t h  packages and input/output control lers ,  

The appliaation routines perform spec i f ic  intended functions according t o  

the needs of t h e  pa r t i cu la r  ins ta l la t ion .  Application routines include 

t 

Ld 
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such programs as the  PERT Telemetry Driver, Operator Input/Edit ,Urogr&i, and 

special ized and general scan routines. 

sible f o r  building the dat a5les associated with par t icu lar  types of data. 

These routines must be kept abreast of changes t o  the systen v ia  the  genera- 

l i z e d  ca l l i ng  rou t i  

request the telemet o scan-RTUs. Scan addresses f o r  a l l  of the 

RTUs are contained i n  data t s each remote i s  scanned, another data 

table i s  constructed. The ctnalog scan routine then invest igates  the en t r i e s  

of the  data tab le  nstructed by the scanning ac t iv i ty .  The addition cf 

remotes t o  

the  data tab les  be extended t o  accommodate the addition. 

The applications routines are respcn- 

utine such as an ma.log scan w i l l  

m or  the addition of points t o  a remote requires that  

=program 

rewrite is required. 

. .  

. .  
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7.0 PERT 26/31 BCH REXOTE (RTU) 

Modular i n  design, t he  RTU, l ike t h e  CCS, i s  func t iona l ly  i n t e g r e t e d  u n t i l  

t h e  input /output  requirements of the rem0 te loca t ion  are s a t i s f i e d .  

such as pre-fabricated f i e l d  te rmina l  sets and cable  harness  assemblies a r e  

combined with input /output  card types as defined by t h e  end devices at each 

loca t ion .  The 1/0 card types ,  the communication modem and t h e  t iming and 

con t ro l  po r t ion  of the  RTU are interconnected w i t h  each o the r  by means of 

a p r i n t e d  c i r c u i t  mother board. 

power suppl ies  and equipment enclosures  completes t h e  configurat ion of t h e  

renote  uni t .  

Nodules 

Se lec t ion  of one from a number of standa-d 

Unique, space saving,  and cos t  e f f e c t i v e  e l e c t r o n i c s  packaging is  poss ib l e  

througll t he  use of CMOS c i r c u i t r y .  The RTU c o n s i s t s  of a l igh tweight  mo- 

dized aluminum chass i s  and p r i n t e d  c i r c u i t  mother board. Data modems, power 

suppl ies  and t iming and c o n t r o l  cards  make up t h e  overhead requirements a t  

each RTU loca t ion .  Various input /output  cards e x i s t  for connection to a l l  

end e lenent  types.  Therefore,  the poin t  configurat ion of each system can 

be custom t a i l o r e d  by using only those  card t b e s  needed. 

expansion are enlienced by t h i s  modularity. 

Maintenmce and 

A t echn ic i an  may i s o l a t e  mal- 

func t ions  t o  a p a r t i c u l a r  card; t h e  f a u l t y  card i s  simply replaced,  system 

operat ion i s  recovered, and t h e  card  is repa i red  a t  t h e  t echn ic i an ' s  con- 

venience. Hardware expmsion is  s impl i f i ed ;  as a d d i t i o n a l  func t ions  a r e  

requi red ,  t h e  appropr ia te  input /output  cards a re  added t o  t h e  card f i l e  and 

in te rconnec t ing  wir ing  is  added as necessary.  

PERT 26/31 BCH RTii a re ,  t he re fo re ,  ease of maintenance, s i m p l i f i e d  expansion, 

The key f e a t u r e s  of  t h e  
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e f f i c i en t  packaging, lot- power d rab  ( typical ly  500 milliaqs @ 12’JDC), and 

107 cost configuration. m e  renote uni t  operates over the  temperature range 

of f ron -25OC t o  ?8OoC (-13’F t o  +l76OF}. Figure 9 presents an exploded 

v i e w  of the RTU chassis. Tkiis pa r t i cu la r  chassis i s  the rack-mount versioa. 

INPUT 1 OUTPUT 

MOTHER BOARD 
ASSEMBLY 

The PEXT 26/31 BCH R T U s i s  used f o r  the multiplexing o 

and telemetering these inputs t o  a cent ra l  location. 

mands from the cent ra l  location may be sent t o  the RTU f o r  d i s t r ibu t ion  t o  

appropriate control  output modules. is input/output operation i s  accoa- 

plished over s ingle  communication channel. Relia3le operation i n  

process paraneters 

Xoreover, control  . _  corn- 

e l e c t r i c a l  environments not conducive t o  accurate data transmission is  a 

necessity,  To t h a t  end, CII employs i n  each i n p t  c i r c u i t  f i l ters 

ro tec t  

the electronics  from the application of AC t o  the input. 
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The PERT 26/31 BC11 RTUs operate i n  a pol l ing  mode and individually respond 

t o  interrogations i n i t i a t e d  from the  CCS. 

a l l  of the RTUs i n  the system are i n  the  receive mode of operation. 

While awaiting interrogat ions,  

Because 

they are partylined onto the communication f a c i l i t y ,  each RTU "hears" a l l  of 

the communication ac t iv i ty  on the channel. However, only one RTU will de- 

code the pa r t i cu la r  address meant f o r  t h i s  remote. A f t e r  successfuL decode 

the  RTU converts i t s e l f  from a receive t o  a t r a n s m i t  mode. If the  message 

received fails  t o  pass the  incoming Bose-Chaudhuri secur i ty  check, the RTU 

remains i n  the receive condition awaiting a second interrogat ion a t tenpt .  

Each message on the communication channel i s  preceded by a p r e - t r w s ~ s s i o n  

mark which conditions the channel and establishes a message windo-J i n  a l l  

receivers.  Once t h i s  message window i s  establ ished,  it is  maintained by 

the  frequencies which represent l og ica l  l l l t s "  and "0's". Noise s igna ls  

which f a i l  t o  i n i t i a t e  and sustain the  narrow band pass region of t he  data 

modems do not a f f ec t  the RTU receivers. 

In  the case of a control command, t h e  control  will be performed m d  a 

message will be transmitted t o  the CCS identi,fying the control  point actd- 

vated. In  the  case of a data  scan, the  liTU w i l l  multiplex the  various 

da ta  words onto the communication channel, and transmit the  information t o  

the CCS. In any case, an RTU vi11 become act ive only after a corxprehensive 

and pre-defined set  of secur i ty  checks have been successfully performed on 

the  command word received from the cent ra l  s ta t ion .  

The input/output duties within the  RTU are handled by individual  input o r  

output pr inted c i r c u i t  card modules. Functional modularity is afforded by 
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I 

w 

W 

an individual card t o  perform an individual input/output function. 

The following paragraphs provide a br ie f  description of the typical  modules 

and t h e i r  application. 

7.1 

is used t o  input dry contact closures or logical  signal voltages indicating the 

s t a t e  of end element devices. Each input employs a noise suppression f i l ter  

t o  combat contact bounce and induced noise. 

I Status/Digital Data Input Card - The s ta tus/digi ta l  data input card 

The continuous application of 

UOVAC i s  rendered harmless by the over=voltage protection circuitry.  

card provides 24 input points corresponding t o  two 12-bit sections of the 

message format. !Iyp.ically, t h i s  card ed t o  provide informatioa a s + t o  

the ON/OFF status of & electric.motor, a valve position, o r  the condition 

of an alarm contact. 

Each 

7.2 Analog Input Card - This card accepts analog inputs from f i e l d  

end points and multiplexes them t o  the analog-to-digital converter t o  be 

digitized. 

A f i l t e r  network provides f i l t e r ing  'of -high frequency transients. 

multiplicity of standardlnput ranges are available such as: 

1-5 m a ,  'and 10-50 ma,  0-1 ma, 0-3 ma, 0-10 ma, ,1-5V, including low l eve l  

current and -voltage- inputs. 

Each input employs 'a voltage l imiter  t o  protect -the circuitry.  

A 

4-20 ma,  

The current *inputs are dropped across an input 

r e s i s to r  t o  provide voltage inputs fo r  the analog-to-digital converter. 

The analog input card features *individually adjustable gain of 0-1000 and 

an offset  span-from -1OV t o  +1OV 

with temperature and pressure transducers, flow meters, volts,  amps, watts, 

Typical -analog inputs are associated 

vars transducers and a inultiplicity of other devices. 
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7.3 Accwnulator Input C a r d  - This card provides a 12-bit binary counter 

designed t o  accept and accumulate pulsed dry contact closure inputs. 

capacity of the counter is  4096 pulses. Over-voltage protection c i r cu i t ry  

is standard on each input as w e l l  as input f i l t e r i n g  t o  prevent contact 

The 

bounce and random signals on the input from .falsely incrementing the accmu- 

l a to r .  An available option with this card is the  strapping of the two 12-bit 

r eg i s t e r s  t o  form one point of 24-bit accumulation. Turbine flow ae te r s ,  

posi t ive displacement meters, KN€I and other pulsed output devices provi6e 

typ ica l  applications fo r  the accumulatdr input card. 

7.4 

face between RTU logic  and the  f i e l d  located control output device such 

as a valve actuator,  an e l e c t r i c  motor starter, a c i r c u i t  breaker and other 

Control Output C a r d  - “he control output card provides the inter- 

devices. The card employs output s igna ls  i n  the form of momentary dry 

contact closures which are adjustable over a 500 millisecond t o  5 second 

range. Continuous control outputs can be provided when required. A 

transistor-diode pa i r  across each relay c o i l  supplies the  re lay  drive. 

Facil-safe design employed assures no s ingle  component f a i l u r e  can cause 

the issuance of an unintended control. If secur i ty  i n  the  performance of 

control outputs is  c r i t i c a l ,  a check-before-operate mode of operation is 

available.  In t h i s  mode, the  i n i t i a l  request f o r  control readies the RTU 

f o r  the output. However, actual  execution comes only a f t e r  t h e  RTU echos 

the address portion of the message back t o  the  CCS fo r  ver i f icat ion.  

ver i f ica t ion  of select ion of the proper point ,  the CCS issues  the execute 

command. 

Upon 
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malog set point outputs t o  operate s e t  point controllers associated with 

various processes. 

Analog Output Card (Set Point) - The analog output card provides 
b J  

I 
! 

The card u t i l i ze s  a digital-to-analog converter followed 

by a voltage-to-current converter i n  i t s  standard configuration. The d ig i t a l  

input i s  i n  the form of a 12-bit d ig i t a l  portion of the control output mes- 

1 
I 

I I i 

sage format. Output ranges available a 

A 0-5VDC output range is also available. 

4-20 ma, 1-5 ma,  and 10-50 ma. 

The output of t h i s  card is  typi- 

ca l ly  used t o  adjust s e t  point l i m i t s  on process control devices. 

Any combination of these input/output cards may be u t i l i zed  i n  an RTU. 

Through the use of these cards, each RTU can be ta i lored t o  satisfy the 

exact requirements and spare o r  anticipated points may be included during 

i n i t i a l  instal la t ion.  Activati 

performing necessary interconnecting and end device wiring. 

I 

I 
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a portable remote s ta t ion tes t  set. The primary function of the  tes t  set  i s  

8.0 SYSTEM SUPPORT 

Of equal importance t o  system design and operation i s  the  support offered 

by BASIC for  the  PEFiT 26/31 System. 

As a Baker O i l  Tools Ccrmapny, BASIC can provide system support from more than 

f i f t y  Baker offices i n  t he  United States. Internationally, support is avail- 

able i n  more than 23 countries. These Baker  f a c i l i t i e s  are available for  use 

as spare par ts  depots, repair  f a c i l i t i e s ,  and can be s taffed with electronic 

i 

service personnel. 

BASIC offers,  i n  Houston, Texas, t ra ining schools which provide instruction 

on both system hardware and software. The schools are taucht by qual i f ied 

instructors and w i l l  provide the student with the degree of instruction neces- 

sary t o  enable complete self-dependence where hardware or software maintenance 

are concerned. 

each class wi th  a comman s ta r t ing  point. Course content is a combination of 

Pre-class study material distributed t o  t h e  students provides 

pract ical  description and hands-on experience. 

by t e s t s  which are administered at  key points during the training. In additicn 

t o  pract ical  experience the  instructional program is augmented w i t h  zudio- 

visual aids and personal sets of system documentation t o  ensure t h a t  the stu- 

dent not only derives miximum knowledge from attendance, but also graduates 

from the  class w i t h  material useful for  future reference and for  refresher 

purposes . 

Student development i s  metered 
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replacement can be accomplished quicklr, system downtime i s  minimized. The 

test  set i s  packaged i n  an a l d n u -  suitcase and povered from A.C. or  the 

remote s ta t ion power source. 

modem, it may be interfaced on e i ther  the frequency o r  logic side of the re- 

Because the t e s t  set contains i t s  own data 

mote s ta t ion data modem. Three d is t inc t  modes of operation are provided by 

the  test  s e t  which are: 

Control: The test  set encodes and transmits t o  the remote a control request 

message and ver i f ies  proper reception of the check back message 

from the remote. The control sequence i s  then completed by 

issuing the executive command from the test  set .  

Interrogate: The test  s e t  contains the necessary switcheb and displays t o  

interrogate any data point within any remote and t o  display tfie 

results of the interrogation. 

provides a sample and hold capability for  data which may be moving 

at many thousand bi ts  per second. 

An electronic memory i n  the t e s t  set 

Eavesdrop: The eavesdrop mode of operation allows the t e s t  s e t  operator t o  

"capture" and display a system data word when tha t  data word is  on 

the communication fac i l i ty .  With th i s  feature the t e s t  s e t  allows 

the operator t o  analyze the message from the master station t o  any 

remote station. 

Although the tes t  set is portable by design, it i s  suff ic ient ly  self-contained 

t o  be used at the master s ta t ion as a manual panel. 

be used t o  diagnose remote s ta t ion anomalies before f i e l d  maintenance crews 

are dispatched. 

As a manual panel it can 
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APPENDIX I I 

D r i l l i n g  and completion cos% estimates for  well 
depths of 14,000, 16,000, and 18,000 feet ,  and 
production tubing sizes o f  4$", W ,  and 7". 

Estimates prepared by O i l  and Gas Division 
o f  Dow Chemical. 

1 



GEOTHERMAL WELL NO. 1 
CAMERON COUNTY, TEXAS 

W 

PROPOSED TOTAL DEPTH - 18,000' 

Preliminary Drilling Program: 

1. 

2. 

3. 

4. 

5. 

c 6. 

7. 

8. 

9. 

10. 

11. 

1 2  . 
13 

1 4  . 
15 . 

Drive 20" conductor casing t o  100'. 

In s t a l l  casinghead and 20'' 3M# Hydril blowout preveDteri 

D r i l l  18-1/2" hole t o  2500'. 

Run 16" casing and cement t o  surface. 

Remove 20" Hydril and i n s t a l l  16" slip-on and w e l d  

Nipple up 16" 3M# type LWS and Hydril blowout p 

D r i l l  14-3/4" hole to  11,000' and 

Run and cement 11-3/4" casing. 

In s t a l l  16" 3M# x 13-5/8" 5Mb cas 
SEI# blowout preventere 

D r i l l  10-5/8" hole to  16,000' and log. 

3Mdf bradenhead, 

01 and nipple up 13-318" 

~ 

Run and cement 9-518" casing. 

Insfal l  13-5/8" 5M# x 11" lOM# casinghead spool and nipple up 11" 
lOM# blowout preventers. 

D r d l l  8-112" hole t o  18,000' and log. 
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GEOTHERMAL WELL NO. 1 - Page 2 
Mud Program: 

WL 
0 -8,000' 9.0-9.9 32-36 NC 

- Depth Weight. VIS 

8, 000'-9, 500' 9.9-11.0 36-42 106 
9 500'-11,000' 11.0-12.0 38-44 6-4 
11,000'-14,500' 12 -0-15.3 40-48 4 
14,500'-16,000' 15.3 40-48 4 
16,000'-18,000' Raise weight as dictated by hole conditions 

Casing Design: 

Surface Casinq: 
2500' - 16", 84#/ft., K-55, ST6C 

Intermediate Casing: 
500' - 11-3/4", 60#/ft., N-80, Buttress 
4150' - 11-3/4", 60#/ft., S-959 ST&C 
1600' - 11-3/4", 65#/ft., S-95, STdC 
4750' - 11-7/8", 7l#/fto, S-95, STdC 

Production/Protection Casing: 

5,800' - 9-5/8", 53.5#/ft., P-110, TS 
10,200' - 9-3/4", 59.2#/ft.s S-105, FJP 

Production Tubing: 
15,500' - 7", 38#/ft., P-110, TC4S 
2,500' - 7", 381jft.s P-110, FJP 

Cementing Program: 

Surface Pipe - 2500 Feet of 16" Casing in an 18-1/2" hole: 
Log Temperature - 120'F Recommended Slurry Slurry Properties 
Mud Weight - 9.0 ppg 
Desired Fillup - 2500 feet Class H Cement 

35% D66 
Weight - 15.7 lbs./gal. 
Yield - 1.53 cu.ft./sk. 

Estimated Excess Required - 50% 
Cement Slurry Needed - 1764 ft. 2% S-1 

6.33 gals. Water/sk. 
Sacks Needed, 1153 

Procedure: 

1. Run 16" casing with an orifice fill stab-in cementing shoe. 
centralizers on bottom three joints. 

Install 
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2. 

3. 

4. 

5. 

6. 

A stab-in s t inger  and centralizer are made up on d r i l l  pipe a d  

er is seated, es tabl ish circulation, pump 20 bbls. 
water. 

ta ix  cement u n t i l  returus 
are seen. 

excess cement from the pipe. 

Wait on cement f o r  12 hours. 

1st Intermediate Strir i f t  - 11,000 Feet of 11-3/4" Casing in a 14-314" hole: 

Log Temperature - 224O F 
Mud Weight - 12 pp8 
Desired Fi l lup - 4000 f e e t  
Estimated Excess Require ' ,4% D20 35% D66 
Cu. Ft. of Slurry Needed Cu.Ft. 35% D3 -2% D8 

Class H Cement Class H Cement 

.3X D8 6.33 gals. water/sk 
Slurry Weight - Slurry Weight - 
14.6 l b s lga l  15.7 lbsjgal .  

Slurry Yie ld  
1.85 Cu.Ft./s 
Sacks Needed. 

950 3 

1 Procedure: 

1. Run 11-3/4" casing with a d i f f e ren t i a l  1 f i l l  
shoe with cent ra l izers  on each of the  b 

gallons of Dowel1 Chemical Wash 7. Drop the bottom cement 
plug, followed by 950 sacks ad s lur ry  and acks of the  tail-  

3. he top plug and couplet 

4. Wait dn cement f o r  12 hours. 
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c, 
GEOTHERMAL WELL NO. 1 - Page 4 

Log Temperature - 428'F 
Mud Weight - 15.3 lbs./gal. 
Desired Fillup - 6000 Feet 
Estimated Excess Required - 20% 
Cement Slurry Needed - 794 Cu.Ft. 

Recommended 
Slurry 

Class H 
3511: D66 
1.0% D65 
.6% D28R 
6.33 gals. water/sk 
Slurry Weight - 
15.7 lbs./gal. 

Slurry Yield - 
1.53 Cu.Ft./Sk. 

Sacks Needed - 519 

Spacer 
Composition 
For 1 Barrel 
30.6 gals. Water 
370 lbs. D21 
18 lbs. D20 
1.5 lbs. D13 
5 lbs. D65 

Procedure: 

1. Run 9-5/8" casing with differential fill collar and differential fill 
shoe. Two cen- 
tralizers two joints apart within the 11-3/4" casing at 10,800 feet to 
assure a good cement sheath in the lapover of the previous cement job. 

Circulate the hole (bottoms up minimum). Pump 15 barrels spacer; drop 
the bottom plug; and start mixing cement. 

This slurry is designed to be displaced in turbulent flow for ~X~IUUIII 

efficiency in removing the mud from the wellbore and replacing it with 
cement. Pipe movement, either rotation or reciprocation, will improve 
mud removal and cement bonding. 

Put centralizers on each of the bottom three joints: 

2. 

3. 

4. Complete the mixing of cement; drop the top plug; and displace in 
turbulent flow until the plug bumps. 
mined by laboratory tests. 

Wait on cement time will be deter- 

Production String - 18,000 Feet of 7" Casing in an 8-1/2" hole: 
Recommended 
Slurry 

Log Temperature - 400°F 
Mud Weight - 17.0 lbs./gal. 
Desired Fillup - 2500 Feet 
X of Excess Required - 20% 
Cement Slurry Xeeded - 793 Cu.Ft. 

Class H 
35% D66 
15.6 lbs. D76 
.75% D65 
1.6% D92 
5.68 gals. Water/sk 
Slurry Weight 
17.0 lbs. /gal. 

Slurry Yield - 
1.48 Cu.Ft./sk 

Sacks Needed - 536 

Spacer Composition 
For 1 Barrel 
27.9 gals . Water 
465 lbs. D31 
18 lbs. D20 
1.5 lbs. D13 
5 lbs. D65 
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Procedure: 

1. Run 7" cash  t h  a d i f f e r e n t i a l  f i l l  c o l l a r  and d i f f e r e n t i a l  f i l l  
shoe. Attach cen t r a l i ze r s  t o  each of the  bottom th ree  Joints.  Put 
two addi t iona l  cen t ra l izers ,  2 j o i n t s  apar t ,  within t h e  9-518" casing 
a t  15,800 feet t o  assure a uniform cement sheath within t h e  lap area. 

Circula te  t h e  hole (bottoms up minimum); pump 13 ba r re l s  of spacer; 
drop the  bottom p l  and s tar t  mixing cement. 

This s l u r r y  is a l s o  designed t o  be displaced i n  turbulent flow for 
maximum mud removal efficiency. 
o r  ro ta t ing)  while the  cement is being displaced w i l l  f a c i l i t a t e  mud 

2. 

3. 
&loving the  pipe (e i ther  reciprocating 

rove t h e  bond. 

mixing is complete, drop the plug and displnc'e a t  t h e  
required rate f o r  t he  cement s lu r ry  t o  be i n  turbulent flow, 

Bump plug and w a i t  on cement (IJOC time w i l l  be determined by laboratory 
tests) , 

5 .  

Evaluation Program'(To be run i n  open hole): 

1. A complete s u i t e  of Coraband or Saraband logs should be run a t  the  follotr- 
ing  depths: 11,000'; 16,000'; -and 18,000'. 

2. Continuous mud log from 9000' t o  T. 

3. Conventional cor rospective zones a t  d iscre t ion  of wellsite geologist. 

11 core prospective zones a t  d iscre t ion  of w e l l s i t e  geologist. " .  

ement Bond Log through the  prospective zones. 

eze cement, i f  necessary, according t o  r e s u l t s  of bond log. 

1 out cement. 

4. Perforate p ro  

5. Production test we 
, 
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THE DOW CHEMICAL COMPANY 
AFE NO. 

OIL AND GAS DIVISION 
AUT~ORITY FOR EXPENDITURE 

Well Name Geothermal $1 Area o r  Field U i l d c a t  

Cameron County, Texas 

Work To Be Performed D r i l l .  Test  and C o m l  ete 

Proposed Depth Objective Formatiou 

1 Estimated f Estimated 
INTANGIBLE COSTS: cos t  c o s t  

D n r  Role Compte t ion 

Stake Locatio 

Rig Time - Daywork with D r i l l  Pipe132/20 days @ 

Rig Time - Daywork vi thout  D r i l l  Pipe - days @ $ - da 

Hauling or Boat Rental 

Mud and Chemicals 

Logging - Cased Hol 

Fornation T 

Float ing Equipment, Central izers ,  Scratchers 

Company Supervisio 

Total  Intangible Costs 

Parze 1 of 2 PaQes 
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THE DOW CHEMICAL COMPAN 
OIL AND GAS DIVISION 
AUTHORITY FOR EXPENDITURE 

well Name Geothermal #1 

f Estimated t Estimateti 
TANGIBLE COSTS: cost cost 

Dry Hole Completion 

Conductor Casing 100 Ft. of20" O.D. @ $ /F t .  

Surface Casing 2500 F t .  ofJ6" O.D.  @ $ 

Protection Casing&non F t .  of u-3/4" O.D. 3 $ 

Production ~tringl6~OOO F t .  of 9-5/8" 0.0. @ $ 

Tubing 18,000 
Well Head Assembl 

Retrievable Packers, Liners, Special Hole Equipment 

Surface Production Faci l i t ies :  

Flow Lines, Connections 

Related Contract Labor, e tc .  

Total Tangible Costs ; 

TOTAL WELL COST 

BY 

BY 
BY 

BY 
1 
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GEOTHERMAL. WELL NO. I 
CAMERON COUNTY, TEXAS 

DRIVEN I 
18 1/2" HOLE 

14 3/4" HOLE 

10 5/8" HOLE 

R 1/7" HOI 

20" CONWCTOR AT BOO' I 
1 16" CASING AT 2500' 

L I1 3/4" CASING A T  ll,OOO* 

9 5/8" CASING AT 16,000' 

7" CASING AT IA noo* 



11-9 

GEOTHWMAL WELL NO. 1, ALTERNATE I 
CAMEXON COUNTY, TEXAS 

PROPOSED TOTAL DEPTH - 18,000' 

P t e l d r y  D r i l l i n g  Program : 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12 . 
13 . 
14. 

15. 

Drive 20" conductor casing t o  100'. 

Install  casinghead and 20" 3M# H y d r i l b l m u t  preventer. 

D r i l l  17-112'' hole t o  2500'. 

Run 13-318'' casing and cement t o  surface. 

Remove 20" Hydril and install 13-3/8" slip-on and weld X 12" 3M# 
bradenhead. 

Nipple up 12" 3?d# type "U" and Hydril blowout preventera. 

D r i l l  12-114'' hole t o  11,000' 

Run and cement 9-5/8" casing. 

Install 12" 3M# x 10" 5Mlf cas 
preventers. 

D r i l l  8-1/2" hole to  16,000' and log. 

Run and cement 7-5/8" casing. 

I n s t a l l  10" SMC x 11" lOM# casinghead spool and.nipple up 11" 1W blow- 
out  preventers. 

- "  

Run and cement 5-1/2" l i n e r  wlth a PBR. 

Run 5-1/2" tie-back and seal into PBR. 

1 move ' i, t preven 



I I- 10 

GEOTHERMAL WEU NO. 1 - ALTERNATE I - Page 2 
Mud Program: 

Depth 
_. 0 -8,000' 

8,000'-9,500' 
9,500'-11,000' 
11,000'-14,500' 
14,500'-16,000' 
16,000'-18,000' 

Ueight 
9.0-9.9 

V I S  
32-36 

WL 
NC 
- 

9.9-11.0 36-42 ~ IQ-6 
11.0-12.0 38-44 6-4 
12 . 0-15.3 40-48 4 

15.3 40-48 4 
Raise weight as dictated by hole conditions. 

Casing Design: 

Surf ace Casing: 
2000' - 13-3/8", 54.5#/ft., K-55, ST&C 

Intermediate Casing: 

1300' - 9-5/8", 40.0#/ft., N-80, LT&C 
2600' - 9-5/8", 40.0#/ft,, S-95, LTLC 
1700' - 9-5/8", 43.5#/ft., S-95, LTLC 
1600' - 9-5/8", 47.0#/ft., S-95, LTLC 
3300' - 9-5/8", 53.5#/ft., S-95, LT&C 

500' - 9-5/8", 40.0#/ft., N-80, Buttress 

Production/Protection Casing: 
5600' - 7-5/8", 38.1#/ft., P-110, TS 
5300' - 7-5/8", 38.l#/ft., S-95, SFJP 
5100' - 7-3/4", 45.5#/ft., S-105, FJP 

Praduc t ion Tubing: 

15,500' - 5-1/2", 23#/ft., P-110 TC4S 
2,500' - 5-1/2", 23#/ft., P-110, FJP 

Alternate Design - may be utilized depending upon pressures encountered: 
1Li,500' - 5", 23.2#/ft., S-95, TC4S 
2,500' - 5", 23.2#/ft., S-95, FJP 

Cementing Program: 

For Alternate I, the depth, temperature, amount-of fillup desired and the mud 
weight will remain the same. 
of cement, and spacer will change: 

Only the hole size, the pipe size and volumes 
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GEOTHERMAL WELL NO. 1 - ALTERNATE I - Page 3 
Hole Pipe Volume oft 
Size Size Slurry Required Volume of 
(in) (in) cu. Ft. sacs Spacer Required 

Surface Pipe 17-1/2 13-3/8 2600 1700 . 10 bbls. water 

1st Intermediate 12-1/4 9-5/8 1870 760 Sx. 1000 gals, cw7 
- Lead Slurry; 

305 Sx. 
Tail-in Slurry 

2nd Intermediate 8-1/2 7-5/8 550 360 8 bbls. spacer 

Production String 6-1/2 5-1/2 197 133 8 bbls. spacer 

Evaluation Program (To be run in open hole): 

1. A complete suite of Coraband or Sarband logs should be run at the follow- 
ing depths: 11,000'; 16,000'; and 18,000'. 

2, Continuous mud log from 9000" t o  T;D. 

3. 

4. 

Completion Procedure: 

1. R - Cement Bond Log through prospective zones. 

2. Squeeze c if necessary, according to results of bond log. 

3. Drill out c 

Conventional core prospective zones at discretion of wellsite geologist. 

Sidewall core prospective zones at discretion of wellsite geologist. 

.~ 
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THE DOW ClimCqL C W A N Y  
OIL AND GAS DIVISION 

AUTHORITY FOR EXPENDITURE 

AFE 190. 

Well Name Geothermal f l  - Alternate I Area o r  Field 

Coca t ion 
Cameron County, Texas 

Proposed Depth 18,000' objective Formation 

Stake Locatio 

Right of Way Cost and Surface Damage 

Contract Dr i l l i ng  Cost - Ft.  @ $ - Ft .  

Rig Time - Daywork with D r i l l  Pipe 92/20 days @ $4600 d a  

Rig Time - Dapork without D 

Hauling o r  Boat Rental 

Mud and Chemicals 

Logging - Oped Hole 

Logging - Cased Hol 

Formation Testing - Open Hole and Casin 

Float ing Equipment, Central izers ,  Scratchers 

B i t s .  Permanent Packer and Rentals 

Company Supervision 

Miscellaneous Servi 
Fishing Tools, e t  

Total  Intangible Costs 

Page 1 of 2 Pages 
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UC-YSABD-2 

1 

bFK NO. . .  

THE DOW CHEMICAL COMPANY 
OIL AND GAS DIVISION 
AUTHORITY FOR EXPENDITURE 

TANGIBLE COSTS: 

Protection Casing11,OW F t .  of 9-5I8"O.D. 1 $ 

Production ~tring16,OoO Ft.  of 7-5/8"0.D. @ $ . 
Tubing 18.000 Ft. of 5-1/2"O.D. Q $/Ft. 
Well Head Assembl 

Retrievable Packer 

Tanks, Treater, Heater, Separato 

Flow Liner, Connections 

Related Contract Labor, 

I I 

1 I 
Total Tangible Carts 

Total Tangible 61 Intangible 

TOTAL WELL COST ~ 

Prepared B Approved By 

Date 9/17/75 Date 

Joint Owners Approved Date Approved 

BY 

BY 

. . .  
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GEOTHERMAL WELL NO. I 

I2 1/4" HOLE 

8 V2  " HOLE 

6 1/2" HOLE 

CAMERON COUNTY, 
- ALTERNATE 1 
TEXAS 

b 9 5/8* CASlNG AT tl,OOO' 

7 5/8" CASING AT I6,OOO' 

5 1/2* CASING AT l8.000' 

! 
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w GEOTHERMAL WELL NO. 1, ALTERNATE 11 
CAElERON COUNTY, TEXAS 

PROPOSED TOTAL DEPTH - 18,000' 

1. 

2. 

3. 

4 .  

5. 

6. 

7. 

8. 

9.  

10. 

11 . 
12. 

13. 

14. 

15. 

16. 

Preliminary Dri l l ing Program: 

Drive.20" conductor casing t o  100'. 

I n s t a l l  casinghead and 20'' 3M# Hydril blowout preventer. 

D r i l l  17-1/2" hole t o  2500'. 

Run 13-3/8" .casing and' cement. t o  surf ace. 

Remove 20" Hydril and i n s t a l l  13-3/8" slip-on and weld X 12" W? bradenhead. 

Nipple up 12" 3M# type "U" and Hydril blowout preventers. 

D r i l l  12-1/4" hole t o  l l , O O O t  and log. 

Run and cement 9-5/8" casing. 

I n s t a l l  12" 3M# x 10" 5M# casinghe 
preventers. 

D r i l l  8-1/2" hole t o  16,000' and l o  

Run and cement 7-5/8" casing. 

Install  10" 5M# x 11" l O M f  casinghe 
preventers. 

Drill 6-1/2" hole to 18,000' and log. 

and nipple up 10" 5M# blowout 
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GEOTHERMAL WELL NO.. 1 - ALTERNATE I1 - Page 2 

Mud Program: 

Depth 
0 - 8,000' 

n .  - Weight vis 
9.0-9.9 ~ 32-36 - EIC 

8,000'- 9,500' 9 0-11 .o 36-42 10-6 

11,000'-14,500' 12.0-15.3 40-48 4 
14s500'-16,000' 15.3 40-48 4 .  

9,500'-11,000' 11.0-12.0 38-44 6-4 

16,000'-18,000' Raise weight as dictated by hole 

Casing Design: 

Surf ace Casing: 
2000' - 13-3/8", 54.5#/ft., K-55, ST&C 
500' - 13-3/8", 61.0P/ft., IC-55, ST&C 

Intermediate Casing: 
500' - 9-5/8", 40.0#/ft., N-80, Buttress 
1300' - 9-5/8", 40.0#/ft., N-80, LT&C 
2600' - 9-5/8", 40.0#/ft., S-95, LTLC 
1700' - 9-5/8", 43.5#/ft., S-95, LT&C 
1600' - 9-5/8", 47.0#/ft., S-95, LTLC 
3300' - 9-5/8", 53.5#/ft., S-95, LT&C 

ProductionjProtection Casing: 
5600' - 7-5/8". 38.1#/ft., P-110, TS 
5300' - 7-5/8", 38.l#/ft., S-95, SFJP 
5100' - 7-3/4",  45.4#/ft., S-105, FJP 

Production 'Tubinq: 

15,500' - 4-1/2", lS.l#/ft., P-110, TC4S 
2,500" - 4-1/2", 15.1#/f t . , P-110, FJP 

conditions. 

Alternate Design - may be utilized depending upon pressures encountered: 
substitute 18.1#/ft., P-110 

Cementing Program: 

For Alternate 11, the depth, temperature, amount of fillup desired and the mud 
weight will remain the same. Only the hole size, the pipe size and volumes of 
cement, and spacer will change: 
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GEOTHERMAL \JELL HO.. 1 - ALTERNATE I1 - Page 3 
Hole Pipe Volume of 
Size Size . Slurry Required Volune of 

- (in) (in) Cu.Ft. Sacks " Spacer Be4ufred 
Surface Pipe 17-112 13-318 I 2600 1700 10 bbls water 

1st Intermediate 12-114 " 9-518 
,. . .. . . 

. .  . -  . 

2nd Intermediate 8-112 7-518 

Production String 6-112 4-112 

1870 760 Sacks 1000 gals ca7 
Lead Slurry; 

305 Sacks 
Tail-in Slurry 

550 360 8 bbls. spacer 

323 218 10 Bbls. spacer 

Evaluation Program (To be run in open hole): 

1. A complete su f Coraband or S logs should be run at the follow- 
ing depths: 11,000'; 16,000'; an 

2. Continuous mud log from 9,000' to T.D. 

3. Conventional core pros'pective zone t discretion of wellsite geologist. 

ospective zones at discretion 

Completion Procedure: 

1. Run a Gama Ray - Cement Bond Log through prospective zones. . .  

cement, if necessary, according to results of bond log. 
- .  

3. "Drill out cement. 

4.. Perforate prospective zones. ~ ~. 
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THE DOW CHEMICAL COMPANY 
OIL AND GAS DIVISION 

AUTHORITY FOR EXPENDITURE 

We11 Name Geothermal d l  - Alternate TI Area o r  Field Wadcat 

Location 

Cameron Cauntv. Texas 

Work To Be Performed Drill, T e s t  and Complete 

Proposed Depth 18,000' Objective Formation 

Clear Right of Way, Construct Road a 

Contract Dri l l ing Cost - Ft.  @ $ 

Rig Time - Daywork with D r i l l  Pipe92120 

Rig Time - Daywork without D r i l l  Pipe-days @ $ - da 

Hauling or Boat Rental 

Mud and Chemicals 

Cement, Cementing an 

days @ 

Logging - Open Hole 

Logging - Cased Hole 

Formation Testing - Open Hole and Casing 

Float ing Equipment, Centralizers,  Scratc 

Bits, Permanent Packer and Rentals 

Company Supervision 

Fishing Tools, etc 

Total Intangible Costs /$1,218,700 I $281,000 

PJIQP 1 of 7 Paern 
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UC-BSABD -2 

AFE RO. 
I 

THE DOW CHEMICAL COMPANY 
OIL AND GAS DIVISION 
AUTHORITY FOR EXPENDITURE 

i 

TANGIBLE COSTS: 

Protection Cering 11,000 Ft .  of 93/8" O.D. 9 $ L F t .  

Tubing 18.000 B t .  of 4-1/2" O.D. @ $ 

Well Head Asrcatbl 

Surface Production F a c i l i t i e s :  

Tanks, Treater, Heater, Separato 

Fiow t i n e s ,  Connections 

Related Contract Labor, etc. 

Total Tangible Costs 

Total Tangible & Intangible 

Date 9/17/75 'Datt 

Joint <)wners Date Apmaved 

BY 

BY 
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GEOTHERMAL WELL NO. I-ALTERNATE II 
CAMERON CQUNTY, TEXAS 

DRIVEN 

I7 1/2" HOLE 

12 1/4" HOLE 

8 1/2" HOLE 

6 1/2" HOLE 

20" CONDUCTOR AT loo' I 
I3 3/em CASING A T  2500' 

, 9 5/8* CASING AT 11,000' 

7 5/8" CASING AT I6,OOO' 

4 1/2@@ CASING AT 18,000' 
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The following is a l i s t i n g  of material required'for.  d r i l l i n g  this w e l l  
t h a t  may have a long delivery t i m  
d r i l l i n g  program, t h i s  l ist is  being supplied f o r  information purposes 
only and Is not  t 

Since t h i s  is only a preliminary 

e used fo r  requisit ioning materials. . 

Wellhead Equipment: Estimated delivery 12-18 months 
1 - 16" slip-on and weld x 16" 3M# btadenhead 
1 - 16" 3M#-x 13-5/8" 5M# casinghead spool 
1 - 13-5/8" 5W x 11" lOM# casinghead spool 
1 - 11" 1OM# x 7-1/16" l 5 M #  adaptor 
1 - 7" 15M# Xmas tree 

Casing: Estimated delivery 12-18 months 

500' - 11-3/4", 60#/ft., N-80, Buttress 
4,150' - 11-3/4", 60#/ft., S-95, STCC 
1,600' - 11-3/4", 65#/ft. S-95, ST&C . 
4,750' - 11-7/8", 7l#/f t . ,  S-95, ST&C 
5,800' - 9-5/8", 53.5#/ft. P-110, TS 

10,200' - 9-3/4", 59.2#/ft., S-105, FJP 
15,500' - 7", 38#/ft , ,  P-110, TC4S 
2,500' - 7", 38#/ft., P-110, FJP 

I .  

D r i l l  B i t s :  Estimated delivery 6 months 

14-3/4" B i t s  of various types and number dependent upon f o m t i o o s  

10-518" B i t s  of various types and number, dependent upon formations 
t o  be d r i l l e d  

_ -  

t o  be d r i l l ed .  
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GEOTHERMAL WELL NO. 1, ALTERNATE I 
MATERIAL LIST FOR LONG DELIVERY ITEMS 

The following is a listing of matetial required for drilling this well 
that may have a long delivery time. 
drilling program, this list is being supplied for information purposes 

Since this is.only a preliminary 

only and is not to be used for requisitioning material. 

Wellhead Equipment: Estimated delivery 12-18 months 

1 - 13-3/8" slip-on and weld x 12" 3M# bradenhead 
1 - 12" 3M# x 10" 5M# casinghead spool 
1 - 10" 5M# x 11" 1OM# casinghead spool 
1 - 11" 1OM# x 7-1/16'' 15M# adaptor 
1 - 5-1/2" l5M# Xmas tree 

Casing: Estimated delivery 12-18 months 

5,600' - 7-5/8", 38.l#/ft., P-110, TS 
5,300' - 7-5/8", 38.l#/ft., S-95, SFJP 
5,100' -.7-3/4", 45.5#/ft., S-105, FJP 
15,500' - 5-1/2", 23#/ft., P-110, TC4S 
2,500' - 5-1/2", 23#/ft., P-110, FJP 

or, alternately in the place of 5-1/2" casing 
15,500' - 5", 23.2#/ft., S-95, TC4S 
2,500' - 5", 23.2#/ft., S-95, FJP 



W 
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GEOTHERMAL WELL NO* 1, ALTERNATE I1 
MATERIAL LIST FOR 'LONG 'DELIVERY ITEMS 

The following is a l i s t i n g  of material required f o r  d r i l l i n g  t h i s  w e l l  
t h a t  may have z i  long delivery t i m e .  
d r i l l i n g  program, t h i s  list is being supplied fo r  information purposes 
only and is not t o  be used f o r  requisit ioning materials. 

A l l  long del ivery t i e m s  f o r  t h i s 'we l l  w i l l ' be  the  same as f o r  Alternate 
I with the  exception of the  u t i l i z a t i o n  of 4-1/2" casing i n  place of 

Since t h i s  is only a preliminary 

- 

5-1/2" casing. The 4-1/2" casing will be as follows: 

15,500' - 4-1/2", 15.1#/ft.; 
' 2,500' - 4-1/2", 1 5 * l # / f t w ,  P-110, FJP 

or 
15,500' - 4-1/2", 18.l#/ft., P-110, TC4S 

2,500' - 4-1/2", 18.l#/ft. ,  P-110, FJP 

. .  . .. . .  * - .  . 
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G E m E R M L  WELL NO. 2 
NUECES COUNTY, TEXAS 

PROPOSED TOTAL DEPTH - 16,000' 

Preliminary Dril l ing Program: 

1. Drive 20" conductor casing t o  100'. 

2. Ins t a l l  casinghead and 20" 3M# Hydril blowout preventer. 

3. 

4. 

5. 

D r i l l  18-1/2" hole t o  2500' . 
Run 16'' casing and cement t o  surface. 

Remove 20" Hydrirl ad - . i n s t a l l  16" slip-on and weld X 16'* Prb bradenhead. 

6. 

7. 

Nipple up 16" 3M# type LWS and Hydril blowout preventers. 

D r i l l  14-3/4" hole t o  10,000' and log. 

8. 

9. 

Run and cement 11-3/4" casing. 

I n s t a l l  16" 3M# X 13-5/8" SM# casinghead spool and nipple up 13-5/8" 
5M# blowout preventers. 

D r i l l  10-5/8" hole t o  14,000' and log. 10. 

11. 

12. 

Run and cement 9-5/8" casing. 

In s t a l l  13-3/8" 5M# X 11" &OM# casinghead spool and nipple up 11" 1OM# 
blowout preventers. 

D r i l l  8-1/2" hole t o  16,000' and log. 13. 

14. Run and cement 7" liner with a PER. 

15. Run 7" tie-back and sea l  into PBR. 

16. Remove blowout preventers and i n s t a l l  tree. 
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Mud Program: 

W L  
NC 
- VIS - Depth Weight 

0 - 2,500' 9.0 32-36 
2,500' -10,000' 9.0-12.0 36-44 10-6 
10,000'-14,000' 12.0-16.3 44-48 6-4 
14,000'-16,000' 16.3-17.0 44-50 4 

Casing Design: 

Surf ace Casing: 
2500' - 16", 84#/ft., 
Intermediate Cash%: 

4150' - 11-314". W L f t  .. S-95. ST&C 500' - 11-3/4", .60#/ ., N-80, Buttress 

1600' - ll-3/4"; 6 i # / T t .  ; S-95; STbC 
3750' .. 11-7/8*', 7 l # k f ~ . ,  S-95, STLC 

Production/Prot ect ion Casing: 
5800' - 9-5/8", 53.5#/€t., P-110, TS 
8200' - 9-3/4", Ift., S-105 FJP . 

Production Tubing: 
13,500' - 7", 38#/ftt. , P-110, TC4S 
2,500' - 7", 38#/ft., P-110, FJP 

Cementing Program: 

Mud Weight - 9.0 ppg 
Desired Fillup - 2500 feet 
Estimated Excess Required - 50% 
Cement Slurry Needed - 1764 ft. 

Class H Cement 

2% S-1 

Weight - 15.7 lbs./gal. 

Procedure - 

s i n g  with an orifice fill stab--in cementing shoe. Install 

inger and centr re made up on 

W 
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GEOTHERMAL WELL NO. 2 Page 3 

' 3. When the stinger is seated, establish circulation, pump 20 barrels 
water. 

Mix and pump the L153 sacks of cement, or mix cement until returns 
are seen. 

Unseat stinger and circulate excess cement from the pipe. 

Wait on cement for 12 hours. 

4. 

5. 

6. 

1st Intermediate String '- 10,000 Feet of 11-314'' Casing in a 14-3w hole: 

Log Temperature - 224' F 
Mud Weight - 12 ppg Lead Slurrx Tail-End Slurry 
Desired Fillup - 4000 feet 
Estimated Excess Rewired - 35% 4% D20 35% D66 
Cu. Ft. of Slurry Need;?d - 35% D30 .2X D8 

Recommended Slurries 

Class H . Cement Class H Cement 

2342 Cu. Ft. .3X D8 6.33 gals. Water/sk. 
Slurry Weight - Slurry Weight - 
14.6 lbs./gal. 15.7 lbs./gal. 
Slurry Yield - Slurry Yield - 
1.85 Cu. Ft . /sk. 
Sacks Needed - Sacks Needed - 1.53 Cu.Ft. /sk. 

950 383 

Procedure: 

1. RUT 11-3/4" caskg with a differential fill collar and differential 
fill shoe with centralizers on each of the bottom three joints. 

2. Eump 1000 gallons of Dowel1 Chemical Wash 7. 
plug, followed by 950 sacks of lead slurry and 383 sacks of the tail- 

Drop the bottom cement 

a d  Slurry. 

3. 

4. Wait on cement for 12 hours. 

2nd Intermediate String - 14,000 Feet of 9-5/8" Casing in a 10-518" hole: 

Drop the top plug and complete displacement. 

Spacer 
Recommended Composition 
Slurry For 1 Barrel 

Log Temperature - 300'F Class H 30.6 gals. Water 
Mud Weighk - 16.3 lbs./gal. 35% D66 370 lbs. D31 
Desired Fillup - 6000 Feet 1.0% D65 18 lbs. D20 
Estimated Excess Required - 20% .6% D28R 1.5 lbs. D13 
Cement Slurry Needed - 794 Cu.Ft. 6.33 gals. WaterlSk. 

Slurry Weight - 
16.7 lbs./gal. 

Slurry Yield - 
1.53 Cu.Ft./Sk. 

Sacks Needed - 519 

5 lbs. D65 
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1. Run 9-5/8" casing with d i f f e r e n t i a l  f i l l  co l l a r  and d t f f e r e n t t a l  f i l l  
shoe. Two cep- 
tralizers two j o i n t s  apart within the  11-3/4 inch casing at 9800' feet 
t o  assure a good 

Circulate  the hole (bottoms up minimum). 
t he  bottom plug; and start mixing cement. 

This s lu r ry  is designed t o  be displaced in turbulent flow for anrfmtrm 
eff ic iency i n  removing the mud from the  wellbore and replacing it vith 
cement. Pipe mvement, e i t he r  r on or reciprocation, w i l l  improve 
mud removal and cement bondin 

Complete the  mixing of cement; drop the top plug; and displace in tu r -  
bulent flow u n t i l  the  plug bumps, 

Put cent ra l izers  on each of the bottom th ree  joints: 

t sheath in the  lapover of t he  previous cement job. 

Pump 15 barrels spacer; drop 

3. 

4. 
Waft on cement t h e  w i l l  be determined 

. 
Spacer 

Recommended Campositton 
Slurry For 1 Barrel 

465 lbs.  D 3 1  
18 lbs.  D20 

Log Temperature Class H 27.9 gals. Water 
Mud Weight - 17.0 lbs. /gal  35% D66 
Desired F i l lup  - 2500 Feet 15.6 lbs.  D76 
X; Excess Required - 20% .75% D65 1.5 lbs. D 1 3  I 

Cement Slurry Needed - 1.6% D92 5 lbs.  D65 
793 Cu. Ft. 5.68 gals. Water/Sk. 

Slurry Weight - 
1 f . O  lbs./gal. 

Slurry Yie ld  - 
1.48 Cu.Ft./Sk. 

Sacks Needed - 536 

Procedure: 

1. Run 7" casing with a d i f f e ren t i a l  f i l l  co l l a r  and d i f f e r e n t i a l  f i l l  
shoe. Attach cent ra l izers  t o  each of the  bottom three jo in t s ,  Put 
two addi t ional  cen t ra l izers ,  2 j o i n t s  apart, within the 9-5/8" casing 
at  13,800 f e e t ' t o  assure a uniform cement sheath within the lap area. 

Circulate  the  hole (bott& up minimum); pump 13 bar re l s  of spacer; 
drop the  bottom plug a n d , s t a r t  mixing cement. 

2. 
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3. This slurry is also designed to be displaced in turbulent flow €or 
maximum mud removal efficiency. 
or rotating) while the cement is being displaced will facilitate muui 
removal and improve the bond. 

When the cement mixing is complete, drop the plug and displace at the 
required rate for the cement slurry to be in turbulent flow. 

Bump plug and wait on cement (WOC time will be determined by laboratory 
tests). 

Moving the pipe (either reciprocatiag 

4. 

5 .  

Evaluation Program (To be run in open hole): 

1. A complete suite of Coraband or Saraband logs should be run at the follow- 
ing depths: 10,000'; 14,000'; and 16,000'. 

2. Continuous mud log from 8000' t o  T.D. 

3. 

4. 

Completion Procedure: 

1. 

2. 

3. Drill out cement. 

4. Perforate prospective zones. 

5. Production test well. 

Conventional core prospective zones at discretion of wellsite geologist. 

Sidewall core prospective zones at discretion of wellsite geologist. 

Run a Gamma Ray - Cement Bond Log through prospective zones. 

Squeeze cement, if necessary, according to results of bond log. 
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liFE KO. THE DOU CHEMICAL COMPANY 
OIL AND CAS DIVISION 

AUfHORITY FOR EXPENDITURE 

Well Name Geothermal No. 2 Area o r  Field t 

Location 
- _  

Nueces County. rex as 

ork To Be Performe 

Proposed Depth 16.000' Objective Formation 

? Estimated 

- L  ..- 

INTANGIBLE COSTS: c o s t  c o s t  
DIT Hole Completion 

Stake Locatio 

. Rig Time - Daywork with Drill-Pipe)00/20 days @ 

Hauling o r  Boat Rental 

Mud and Chemicals 

Logging - Open Hole 

" .  
B i t s ,  Permanent Packer and Rentals 

Company Supervision 

Misce€laneous Service 

-_ . 

- _"_ _. Total Intangible Costs 

Pajie 1 of 2 Pages LJ 
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AFE No.,-. 

THE DC%l CHEMICAL COMPANY 
OIL AND GAS DIVISION 
AUTHORITY FOR EXPENDITURE 

Well Name Geothermal No. 2 

Conductor Casing 100 Ft.  of 20" O.D. (3 $ /Ft. 

Surface Casing 2500 Ft. of 16" O.D. (3 $ 

Protection Casing10.000 Ft.  of 11-3f4"O.D. 3 $ 

Production String14,OOO Ft.  of 9-5/8"0.D. @ $ 

Tubing 16,000 Ft. of 7" O.D. @ $ 

Well Head Assembl 

Retrievable Packers, Liners, Special Hole Equipment 

Surface Production F a c i l i t i e s :  

. 

Tanks, Treater, Heater, Separato 

Flow Lines, Connection 

Related Contract Labor, e tc .  

Total Tangible Costs $ 794,000 BS75,OOO 
I 

Total Tangible & Intangible ! $2*220*500 1856 ,Sa0 
I 

TOTAL WE'LL COST - 1$3,077,000 1 
Prepared Approved By 

Date l l / l R / 7 4  Date 

Approved Date Approved Joint  Owners 

BY 

BY 

BY 
BY 

Lld 
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JWJECES COUNTY, TEXAS 
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GEOTHERMAL WELL NO. 2, ALTERNATE I 
NUECES COUNTY, TEXAS 

PROPOSED TOTAL DEPTH - 16,000' 

Preliminary Dr i l l i ng  Program: 

1. Drive 20" conductor casing t o  100'. 

2. I n s t a l l  casinghead and 20" 3M# Hydril blowout preventers. 

3. D r i l l  17-1/2" hole  t o  2500'. 

4 .  

5. 

Run 13-3/8" casing and cement t o  surface. 

Remove 20" Hydril and i n s t a l l  3.3-3/8" s l ip-on  and w e l d  X 12" 3M# bradenhead. 

6. Nipple up 12" 3MM type "U" and Hydril blowout preventers. 

7. D r i l l  12-1/4" hole t o  10,000' and log. 

8. Run and cement 9-5/8" casing. 

9.  I n s t a l l  12" 3M# x 10" 5M# casinghead spool and nipple up 10" 5M# blowout 
preventers. 

D r i l l  8-1/2" hole t o  14,000' and log. 10. 

11. 

12. 

Run and cement 7-5/8" casing. 

I n s t a l l  10" 5M# x 11" lOMd Casinghead spool and nipple up 11" 1OM# blowout 
preventers. 

13. D r i l l  6-1/2" hole t o  16,000' and log. 

14. Run and cement 5-1/2" l i n e r  with a PBR. 

15. Run 5-1/2'' tie-back and seal i n t o  PBR. 

16. Remove blowout preventer and i n s t a l l  tree. 
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- GEOTHERMAL WELL NO. 2 - ALTERNATE I - Page 2 
Nud Program: 

VIS Weight - 
9 C O  32-36 

9 0-12.0 36-44 
12 0-16.3 44-48 
16.3-17.0 44-50 

Casing Design: 

Surf ace- Casing: 
2000' - 13-3/8", 54.5#/ft. 9 

500' - 13-3/8", 61.0#/ft., K-55, ST&C 

In t ermedia t e Casinq: 

1300' - 9-5/8", 40.0#/ft., N-80, LTCC 
2600' - 9-5/8", 40.0#/ft., $-95, LT&C 
1700' - 9-5/8", 43.5#/ft., S-95, LTCC 
1600' - 9-5/8", 47.O#/ft. , S-95,. LTCC 
2300' - 9-5/8", 53.5P/ft., S-95, LTCC 

500' - 9-5/8", 4Om0#/ft., N-80, 

Production/ProtectLon Casing: 
5600' - 7-5/8", 38.l#/fteS P-110, TS . . .  
5300' - 7-5/8", 38.1#/ft.s S-95, SFJP 
3100' - 7-3/4", 4504#/ft., S-105, FJP 

Production Tubing: 
13.500' - 5-1/2". 23#/ft., P-110, TC4S 

10-6 
6-4 
4 

2;SOO' 7 5-1/2"; 23#/ft,.; P ~ l l 0 ;  FJ 
Alternate Desfgn - may be utilized d 
13,500' - 5", 23.2#/ft., S-95, TC4S 
2,500'. - 5", 23.2#/ftO, S-95, FJP 

on pressures encountered: 

Cementing Program: 

For Alternate I, the depth, temperature, amount of ffllup desired and the mud 
weight will remain the same. 
cement, and spacer will change: 

Only the hole size, the pipe size and volumes of 



11-34 

CECYTIIERkIAL WELL NO. 2 - ALTERNATE I - Page 3 

Hole Pipe Volume of 
Size Size Slurry Required Volume of 

Cu.Ft. Sacks Spacer Required 
2600 1700 10 bbls, water 

(in) (in) 
Surface Pipe 17-112 13-318 

1st Intermediate 12-114 9-5/8 . 1870 760 Sacks 1000 gals. CX7 
Lead Slurry; 

305 Sacks 
Tail-in Slurry 

2nd Intermediate 8-112 7-5/8 550 360 8 bbls spacer 

Production String 6-1/2 5-112 197 133 8 bbls spacer 

Evaluation Program (To be run in open hole): 

1. A complete suite of Coraband or Saraband logs should be run at the follow- 
ing depths: 10,000'; 14,000'; and 16,000'. 

2. Continuous mud log from 8,000' to T.D. 

3. 

4. 

Conventional core prospective zones at discretion of wellsite geologist. 

Sidewall core prospective zones at discretion of wellsite geologist. 

Completion Procedure: 

1. Run a Gama Ray - Cement Bond Log through prospective zones. 
2, 

3. Drill out cement. 

Squeeze cement, if necessary, according to results of bond log, 

4. Perforate prospective zones. 

5. Production test well. 
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AFE ma. 
THE DOw CHEMICAL COMPANY 

Brazos Division 
AUTHORITY FOR EXPENDITURE 

Well Name Geothermal No. 2 - Alternate I Area or Field Wildcat 

Location 

Work To Be Performed . D r i l l ,  Test, and Complete 

Depth 16,000’ Ob J ect ive- Format ion 

Clear Right of Way, Construct Road a 

Contract Drilling-Cost .- 

Hauling or Boat Rental 

Mud and Chemical 

Cement, Cementin 

1 . -  _ _  
Floating Equipment, Centralizers, Scratc 

Company Supervisio 

Pace 1 of 2 Paees 
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Totul Tangible Costs 

DC-VSRBD-2 

599,000 443,700 

AFE NO. 

THE DOGt CHEXICAL COMPANY 
Brazos Division 
AUTHORITY FOR EXPENDITURE 

Well Name- Nn- 3 - T 

Protec t ion  Casing 10.000 Ft .  of 9-518 O.D. 3 $ /Ft. 

Tubing 16.000 Ft. of 5-1/2 O.D. @ $ 

Well Head Assembl 

Retrievable P a c k  

Surface Production F a c i l i t i e s :  

Tanks, Trea te r ,  Heater, Separato 

Fiow Lines, Connections 

Related Contract Labor, 

I I 

Date Date 

J o i n t  Owners Approved Date Approved 

JY 

BY 

BY 

BY 

PneP 7 of  7 Paoerr 
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GEOTHERMAL WELL NO. 2 - ALTERNATE' I 
NUECES CbUNTY, TEXAS 

. .  

DRlVEN . 

I <  

I7 1/2" HOLE 

I c -. 

12 1/4" HOLE 

8 W2n HOLE 

W 6 1/2" HOLE 

I 1  - ZOn CONDUCTOR AT 100' 

13 31%" CASING AT 2500' 

- .. .. . 

8* CASING AT l0,OOO' 

, 7 5/8" CASING AT 14,000' 

5 I / ? "  CASING A T  Ifi.OOOD 
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GE- WELL NO. 2, AL!L'ERNATE II 
NUECES COUNTY, TEXAS 

PROPOSED. 3 D Z 4 L J U P ~  .- 16; 000' 

Preliminary Dr i l l i ng  Program: 

'1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11 . 
12. 

13. 

14  . 
15 . 
16. 

Drive 20" conductor casing t o  100'. 

I n s t a l l  casinghead and 20" 3M# Hydril blowout preventer. 

D r i l l  17-112" hole t o  2500'. 

Run 13-318'' casing and cement t o  surface. 

Remove 20" Hydril and i n s t a l l  13-318" slip-on 8nd weld X 12" 3M# braden- 
head. 

Nipple up 12" 3M# type 'vu,' 8nd Hydril blowout preventers. 

D r i l l  12-114" hole t o  10,000' and log. 

Run and cement 9-518" casing. 

Install 12" 3M# X 10" 5M# casinghead spool and nipple up 10" 5M# blowout 
preventers. 

D r i l l  8-1/2" hole t o  14,000' and log. 

Run and cement 7-5/8" casing. 

Instlll 10" 5M# X 11'' 1OM# Casinghead spool and nipple up 11'' 1OM 
blowout preventers. 

D r i l l  6-1/2" hole t o  16,000' and log. 

Run and cement 4-1/2" l i n e r  with a PBR. 

Run 4-1/2" tie-back and seal i n t o  PBR. 

Remove blowout preventers and i n s t a l l  tree. 
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Mud Program: 

In# - VIS weight. - Depth 
0 -2,500' 9.0 32-36 NC 

10,000'-14,000' 12.0-16.3 44-48 6 4  
14,000'-16,000' 16.3-17.0 44-50 4 

2,500'-10,000' 9.0-12.0 36-44 10-6 

Casing Design: 

Surf ace Casing: 
2000' - 13-3/8" 55, STCC 
500' - 13-3/8", 6l00#/ft., K-55, ST&C 
Intermediate Casing: 

1300' - 9-5/8", 40.O#/ft., N-80, LT&C 
2600' - 9-5/8", 40.0#/ft., S-95, LT&C 
1700' - 9-5/8'*, 43.5#/ft., S-95, LTbC 
1600' - 9-5/8", 47.0#/ft., S-95, LT&C 
2300' - 9-5/8'*,, 53.5#/ft. , S-95, LT&C 

500' - 9-5/8", 40,O#/ft. , N-80, Buttress 

5,600' - 7-5/8", 38.l#/ftD, P-110, TS , 
5,300' - 7-5/8", 38.1#/fte, S-95, SFJP 
3,100' - 7-3/4", 45.4#/f t . , S-105 * FJP 

Production Tubing: 

13,500' - 4-1/2", lS.l#/ft., P-110, TC4S 
2,500' - 4-1/2", lS.lP/ft., P-110, FJP 

Alternate Design - may be utilized depending upon pressures eucountered: 
Substitute 18.1#/ft., P-110 

Cementing Program: 

For Alternate 11, the depth, temperature, amount of flllup desired and the mud 
weight will remain the same. Only the hole size, the pipe size and volumes of 
cement and spacer will change. 

Hole Pipe Volume of 
Size Size Slurry Required Volume of 
(in) (in) Cu.Ft. Sacks Spacer Required 

Surface Pipe 17-112 13-3/8 2600 1700 10 bbls. Water 

1st Intermediate 12-1/4 9-5/8 1870 760 Sx. 1000 gals. CWI 
Lead Slurry; 
305 Sacks 
Tail-in Slurry 
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Hole Pipe Volume of 
Size Size Slurry Required Volume of 
(in) (in) Cu. Ft, Sacks Spacer Required 

2nd Intermediate 8-112 7-518 ,550 360 8 bbls. Spacer 

Production String 6-1/2 4-1/2 323 218 10 bbls. Spacer 

Evaluation Promam (To be run in open hole): 

1. A complete suite of Coraband or Saraband logs should be run at the follow- 
ing depths: 10,000'; 14,000'; and 16,000'. 

2. Continuous mud log from 8000' to T.D. 

3. Conventional core prospective zones at discretion of wellsite g&ologist. 

4, Sidewall core prospective zones at discretion of wellsite geologist. 

Completion Procedure: 

1. 

2, 

Run a Gamma Ray - Cement Bond Log through prospective zones. 

Squeeze cement, if necessary, according to results of bond log. 

3. Drill out cement. 

4. Perforace prospective zones. 

5.  Production test well, 
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THE DOW CHEKICAL COMPANY 
Bratos Division 

AUTHORITY FOR EXPENDITURE 

Am NO. 

Well Name Geothermal No. 2 - Alternate  I1 Area o r  Field Wildcat 

Location 

Proposed Depth 16,000' Objective Formation 

INTANGIBLE COSTS: 
E l t i m a t e d  EItimattd 1 Coat I cost 

Right of Way Cost and Surface Damage 

Clear Right of Way, Construct Uoad and Locatio 

Contract Dr i l l i ng  Cost - 

Hauling or Boat Renta 

Mud and Chemicals 

Logging - Open Hole 
Logging - Cased !io1 

Company Supervisio 
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of 20 0.D. @ $ IFt .  

of 13-318 O.D. @ $ /Ft. 

of 9-510 0.D. rP $ /Ft. 

of 7-518 O.D. @ $ /Ft. 

/Ft. of 4-112 O.D. @ $ 

AFE Ho. 

3,000 c 

, 48.000 - 
. 312.000 - 216.000 - 

- 2 5 5 . 0  
, 

THE DOW CHEMICAL COMPANY 
Brazos Division 
AUTHORITY FOR EXPENDITURE 

w e l l  N~~ Geothermal No. 2 - Alternate  I1 

[ Estimated 1 E s t h a t e d  
TANGIBLE COSTS: cost Cost 

Dry Hole Cample t  ion 

Conductor Casing 100 F t .  

Surface Casing 2500 Ft.  

Protect ion Casing10.000 Ft .  

Production String14.000 F t .  

Tubing 16,000 Ft. 

Well Head Assembl 

Surface Production F a c i l i t i e s :  

Tanks, Treater ,  Heater, Separator 

Flow Lines, Connections 

Related Contract Labor, etc. 

Total  Tangible Costs 

Total  Tangible C Intangible 

TOTAL WELL COST 

crd.., Approved By 
Date Date 

J o i n t  Owners Da te Approbed 

BY 

BY 

BY 

BY 
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GEOTHERMAL WELL NO. 2-ALTERNATE II 
NUECES COUNTY, TEXAS ' 

DRIVEN - 

I7 1/2" HOLE 

12 V4" HOLE 

8 t/2" HOLE 

'1 

6 1/2" HOLE 

2OW CONDUCTOR AT 100' 

13 3/0" CASING A T  2500' 

9 5/8" CASING AT 10,000' 

f W 8 "  CASING AT 14,000' 

4 1/2" CASING AT 16,000' 



11-44 

GEOTHERESAL WELL NO. 2 
MATERIAL LIST FOR LONG DELIVERY ITEMS 

The following is a l i s t i n g  of material required f o r  d r i l l i n g  t h i s  w e l l  
t h a t  may have a long delivery t i m e .  
d r i l l i n g  program, t h i s  list is being supplied fo r  information purposes 
only and is not t o  be used f o r  requisit ioning material. 

Since t h i s  is only a p r e l M n a r y  

I Wellhead Equipment : 

Same as Geothermal W e l l  No. 1 

Casing: Es t imated  delivery 12-18 months 

I 

500' - 11-3/4", 60#/ft., N-80, Buttress 
4,150' - 11-3/4", 60#/ft., S-95, ST6C 
1,600' - 11-3/4", 65flft .s  S-95, ST6C 
3,750' - 11-7/8", 71#/ft., S-95, ST6C 
5,800' - 9-5/8", 53.5#/ft., P-110, TS 
8,200' - 9-3/4", 59.2#/ft., S-105, FJP 

13,500' - 7", 38#/ft.,  P-110, TC4S 
2,500' - 7", 38#/ft., P-110, FJP 

D r i l l  B i t s :  j 

Same as Geothermal W e l l  No. 1 
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GEOTHERMAL WELL NO. 2, ALTERNATE I 
. MATERIAL 'LIST FOR 'LONG DELIVERY ITEMS 

The following 2s.a listing of material required for drilling this well 
that may have a long delivery'time. 
drilling program, this list is being supplied for information purposes 
only and is not to be used for requisitioning material. 

Since this is only a preliminary 

. .  Wellhead Equipment: 

Same as Geothermal Well*No. l,,Alternate I 

Casing: Estimated delivery 12-18'months 

5,600' - 7-5/8", 38.l#/ft 
5,300' - 7-5/8", 38.l#/ftO, S-95, -SFJP 
3,100' - 7-3/4", 45.5#/f 
13,500' - 5-1/2", 23flft. 
2,500' - 5-1/2", 23#/ft., P-110, FJP 

or, alternately in the place of 5-1/2" casing 
13,500' - 5", 23.2#/ft., S-95, TC4S 
2,500' - 5", 23.2#/ft., S-95, FJP 
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The following 
t h a t  may have 

GEOTHERMAL WELL NO. 2, ALTE-TE I1 
MATERIAL LIST FOR LONG DELIVERY'ITEMS 

is a l i s t i n g  of material required f o r  d r i l l i n g  t h i s  w e l l  
a long delivery t i m e .  Since t h i s  i s  only a preliminary 

d r i l l i n g  program, . t h i s  list is being supplied fo r  information purposes 
only and is not t o  be used for . requis i t ion ing  material. 

A l l  long delivery items fo r  t h i s  w e l l  w i l l  be the  same as f o r  Alternate 
I with t he  exception of the  u t i l i z a t i o n  of 4-112" casing i n  place of - 
5-1/2" casing. The 4-1/2" cas ingswi l l  be as follows: 

13,500' - 4-1/2", lS.l#/ft . ,  P-110, 'TCIS 
2,500' - 4-1/2", 15.1#/ft0, P-110, FJP 

o r  

13,500' - 4-1/2", 18.l#/ft. ,  P-110, TC4S 
2,500' - 4-1/2", 18.1#/ft., P-110, FJP 
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GEOTIIEBMAL WELL NO. 3 
NUECES COUNTY, TEXAS 

PROPOSED TOTAL DEPTH - 14,000' 

Preliminary Dril l ing Program: 

1. 

2. 

Drive 20" conductor casing t o  100'. 

Install casinghead and 20'' 3M8 Hydril blowout preventer. 

3. 

4. 

5 .  

6 .  

D r i l l  l7-1/2" hole t o  2500'. 

Run 13-3/8" casing and cement t o  surface. 

Remove 20" Hydril and install 13-3/8" slip-on and,weld X 13-5/8" 5M# bradenhead. 

Nipple up 13-5/8" 5M# type "U" and Hydril blowout preventers. 
j _  

7. 

8. 

9.  

D r i l l  12-1/4" hole t o  10,000' and log. 

Run and cement 9-5/8" casing. 

I n s t a l l  13-5/8" 5M# X 11" 1GM# casinghead spool and nipple up 11" l0Md blowout 
preventers. 

D r i l l  8-1/2" hole t o  14,000' and log. 10. 

11. Run and cement 7" l i n e r  with a PBR. 

12. Run 7" tie-ba 
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\ 

GEOTHERMAL WELL NO. 3 - Page 2 

Mud Program: 

WL Depth Weight 
0 - 2,500' 9.0 32-36 NC 

- VIS - 
2,500'-10,000' 9.0-12 .O 36-44 10-6 
10,000'-14,000' 12.0-16.3 44-48 6-4 

Casing Design: 

Surface Casing: 
2,000' - 13-3/8", 54.5#/ft., K-55, ST&C 

500' - 13-3/8", 61.0#/ft., IC-55, ST&C 

Production/Protection Casing: 
4,850' - 9-5/8". 53.5#/ft., V-150, LTdC 

Production Tubing: 
10,000' - 7", 388/ft., P-110, TC4S 
4,000' - 7", 38#/ft., P-110, FJP 

Cementing Promam: 

Surface Pipe - 2500 Feet of 13-3/8" Casing in a 17-1/2" hole: 
Log Temperature - 120'F Recommended Slurry Slurry Properties 
Mud Weight - 9.0 ppg 
Desired Fillup - 2500 feet 
Estimated Excess Required - 50% 
Cement Slurry Needed - 2604 ft. 

Class H Cement 
35% D66 
2% S-1 
6.33 gals. Watedsk. 
Sacks Needed, 1702 

Weight - 15.7 lbs./gal. 
Yield - 1.53 cu.ft./sk. 

Procedure : 

1. Run 13-3/8" casing with a float collar and float shoe with centralizers on 
each of the bottom three joints. 

Pump 1000 gallons of Dowell Chemical Wash 7. 
followed by the cement slurry. 

2. Drop the bottom cement plug, 

3. Drop the top plug and complete displacement. 

4. Wait on cement for 12 hours. 
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GE0-L WELL NO. 3 - Page 3 

Log Temperature - 224' F 
Mud Weight - 12 ppg ~ 'Lead Slurry Tail-End Slurry 
Desired Fillup - 4000 feet 
Estimated Excess Required - 35% 4% 020 35X D66 
Cu. Ft. of Slurry Needed - 35% D30 -2% D8 

Recommended Slurries 

Class H Cement Class H Cement 

1690 Cu. Ft. 03% D8 6.33 gals. Water/sk. 
Slurry Weight Slurry Weight - 
14.6 lbs./ga 15.7 lbs./gal. 
S l u ~ y  Yield - 
1.85 Cu.Ft. /sa.  
Sacks Needed - . 

Slurry Yield - 
Sacks Needed - 1.53 Cu.Ft. /sk. 

685 276 

Procedure: 

1. Run 9-5/8" casing with a differential fill 

Pump 1000 gallons of Dowell Chemical Wash 7 
followed by 685 'sacks of lead slurry and 27 

Drop the top plug and complete displacement. 

2. 

3. 

4. Wait on cement for 12 ho 

Log Temperature - 300' F 
Mud Weight - 16.3 lba. /gal. 
Desired Fillup - 4000 Feet 
Estimated Excess Required - 20% 
Cement Slurry Needed - 608 Cu.Ft. 

Procedure: 

Class A 30.6 gals. Water 
35X D66 
1.0% D65 18 lbs. D20 
.6% D28R 1.5 lbs. D13 
6.33 gals. WatsrlSk. 
Slurry Weight - 
16 7 lbs. /gal. 

Slurry Yield - 
1.53 Cu.Ft./sk. 

Sacks Needed - 398 

5 lbs. D65 

J 

1. Run 7" casing with differential fill collar and differential fill shoe. 
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GEOTEERMAL WEU NO. 3 - Page 4 

2. Circulate the hole (bottoms up minimum). 
bottom plug; and start mixing cement. 

This slurry is designed to  be displaced i n  turbulent flaw for  maximum efficiency 
i n  removing the mud from the wellbore and replacing it with cement. 
ment, ei ther rotation or reciprocation, w i l l  improve mud removal and cement bond- 
ing- 

Complete the mixing of cement; drop the top plug; and displace in turbulent 
f l o w  un t i l  the plug bumps. 
tests. 

Pump 15 barrels spacer, drop the 

3. 
Pipe move- 

4. 
Wait on cement time w i l l  be determined by laboratory 

Evaluation Program (To be run i n  open hole): 

1. A Complete su i te  of Coraband or Saraband logs should be run at the following 
depths: 10,000' and 14,000'. 

2. 

3. 

4. 

Continuous mud log from 8,000' t o  T.D. 

Conventional core prospective zones at discretion of wellsite geologist. 

Sidewall core prospective tones at discretion of wellsite geologist. 

Completion Procedure: 

1. 

2. 

3. D r i l l  out cement. 

Run a Gamma Ray - Censeat Eond Log through prospective zones. 

Squeeze cement, i f  necessary, according to  results of bond log. 

4. Perforate prospective tones. 

5. Production test w e l l .  

h, 
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. -  
Miscellaneous Services and Supplies, Bridge Plugs; Retainers, 

DC -USABD -2 

Move-in, rig-up, tin down 

AFE NO. THE Dow CHEMICAL COMPANY 
OIL AND GAS DIVISION 

AUTHORITY FOR EWENDITURE 

Well Name GEOTEERMAL WELL NO. 3 Area or Field Wildcat 
Location 

Nueces County, Texas 

5n .Qon -- 

Work To Be Perfonued D r i l l .  Tes t  and Complete 

_ _  
Proposed Depth 14,000’ Objective Formation 

INTANGIBLE COSTS: 

Contract Dr i l l i ng  Cost * 

_. 
Hauling or Boat Rental 

Cement, Cementin 

e- 

Floa t ing  Equipment, Cent ra l izers ,  Scratc 

B i t s ,  Permanent Packer and Rentals 

Company Supervisio 

i 



11-52 

Estimated 

Dry Hole 
TANGIBLE COSTS: cos t  

DC 4 S A B D - 2  

Estimated 
Cost 

Completion 

APE NO. 

Conductor Casing 100 Ft.  of 20 O.D. @ $ /Ft .  

Surface Casing 2500 Ft. of 13-318O.D. @ $ IFt.  

Protection Casing10,000 Ft .  of 9-518O.D. 'P $ /Ft. 

$ 3.000 I $ 

t&nnn -- 
240.000 -- 

Production S t r i ag14~000  F t .  of 7 0.D. @ $ /Ft . 
Tubing / 4 F  Ft.  of & O.D. @ $ /Ft. 

-- 385 -000 

-- a7G @@ 

Well Head Assembly 

TOTAL WELL COST I $ 1,925,300 ] 

20.000 120.000 

Approved By 

Date 

Tanks, Treater,  Heater, Separator 

Flow Lines, Connections 

Related Contract Labor, etc. 

Total  Tangible Costs 

Joint  Owaers 

$ 311,000 $ 515.000 

Approved Date Approved 

pane 2 of 2 Pages 
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GEOTHERMAL WELL NO, 3 
NUECES COUNTY, TEXAS 

8 1/2" HOLE 

20" CONDUCTOR AT loo' I [  
L 3/e"CASlNG A T  2500' 

9 5/8" CASING A T  l0,OOO' 

7 "  CASING A T  14,000' 
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GEOTHERMAL WELL NO. 3, ALTERNATE I 
NUECES COUNTY, TEXAS 

PROPOSED TOTAL DEPTH - 14,000' 

Preliminary Dr i l l i ng  Program: 

1. Drive 16" conductor casing t o  100'. 

2. I n s t a l l  casinghead and 16" 3M# Hydril blowout preventer. 

3. 

4. 

5 .  

6. 

7. 

8. 

9 .  

10. 

11. 

12. 

13. 

D r i l l  15" hole  t o  2500'. 

Run 10-3/4" casing and cement t o  surface. 

Remove 16" Hydril and i n s t a l l  10-3/4" slip-on and weld X 10" 5M# bradenhead. 

Nipple up 10" 5M# type "Ut' and Hydril blowout preventers. 

D r i l l  9-7/8" hole  t o  10,000' and log. 

Run and cement 7-5/8" casing. 

I n s t a l l  10" 5M# X 11'' lOM# casinghead spool and nipple up 7-1/16" lOM# blowout 
preventers. 

D r i l l  6-1/2" hole  to  14,000' and log. 

Run and cement 5-1/2" l i n e r  with PBR. 

Run 5-1/2" tie-back and seal i n t o  PBR. 

Remove blowout preventer and i n s t a l l  tree. 
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GEOTHERMAL WELL NO. 3 - ALTERNATE I - Page 
Mud Program: 

- _ .  

- VIS - WL Depth Weight 
NC 
10-6 
6-4 

0 - 2,500' 32-36 
2,500'-10,000' 36-44 
10~000'-14~000'- r - 12.0-16. 44-48 

Casing Design: 

Surf ace Casing: 
2,500' - 10-3/4", 40.5#/ft., IC-55, ST&C 

Production/Protection Casing: 
2,000' - 7-5/8", 33.7#/ft., V-150, 
2,900' - 7-5/8", 39.O#Ift., PL110, 
2,500' - 7-5/8". 33.7#/ft.. P-110- - --- 
2,300' - 7-518"; 33.7#jft., ~ - ~ o s ;  
300' - 7-5/8", 39.0#/ft., P-110, 

LT&C 
LT&C 
LT&C 
LT&C 
LT&C 

Production Tubing: 
10,000' - 5-1/2", 23PIft.a P-110. TC4S 
4,000' - 5-1/2", 23dIft.i P-110; FJP 

Cementing Program: 

For Alternate I, the depth, temperature, amount of fillup desired and the mud 
weight will remain the same. 
cement, and spacer will change: 

Only the hole size, the pipe size and volumes of 

Hole Pipe Volume of 
Size Size Slurry Required Volume of 

Surface Pipe 
Cu.Ft. Sacks Spacer Require, 

15 10-314 2238 1462. 10 bbls. water 
(in) 

Product ionIProt ect ion 9-718 7-518 1158 470 Sacks 1000 gals. CW7 
Lead Slurry; 
189 Sacks 

Tail-in Slurry 

Production String 6-112 5-112 313 205 8 bbls. spacer 

Evaluation ProRram (To be run in open hole): 

1. A complete suite of Coraband or Saraband logs should be run at the follow- 
ing depths: 10,000' and 14,000'. 

2. Continuous mud log from 8,000' to T.D. 

3. Conventional core prospective zones at discretion of wellsite geologist. 

4. Sidewall core prospective zones at discretion of wellsite geologist. 
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GEOTHERMAL WELL NO. 3 - ALTERNATE I - Page 3 

Completion Procedure: 

1. 

2. 

3. D r i l l  out cement. 

4. Perforate prospective zones. 

Run a Gamma Ray - Cement Bond Log through prospective zones. 

Squeeze cement, i f  necessary, according to results of bond log. 

5. Production test w e l l .  



w 
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sn nnn -- 

DC-USABD-2 

AFE NO. 
THEDowcBpfIcAcmANY 

AUTHORITY FOR EXPENDITURE 
OIL AND GAS DIVISION . .  

Well N a m e G m w  NO. 3 - ALTERMATE I Area or Field Wildcat 

Location 

Nueces County,,Texaa - _ "  ._ - ._- 

wo 

Proposed Depth 14.000' Objective Formation 
~ - I  

I 

INTANGIBLE COSTS: :- _ _  

Contract Drilling Cost -- 

Mud and Chemical 

Formation Testing - Open Hole and Casi 

_-  
Miscellaneous Service 

Fishing-Xools, etc- 

Page 1 of 2 Pages 
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TANGIBLE COSTS: 

Conductor Casing 100 Ft .  of 16 0.p. @ $/Ft .  

Surface Casing 2,500 Ft .  of 10-3/4 O.D. @ $ /Ft. 

Protection Casing 1oaooo F t .  of 7-518 O.D. 3 $ /Ft. 

Production S t r ing  14,000 F t .  of 5-1/2 O.D. @ $ /Ft. 

Tubing Ft. of O.D. @ $ /Ft. 

Well Head Assembly 

Retrievable Packers, Liners, Special Hole Equipment 

Surface Production F a c i l i t i e s :  

Tanks, Treater,  Heater, Separator 

Flow Lines, Connections 

Related Contract Labor, etc. 

DC-USABD -2 

Estimated Estimated 

Dry Hole I Completion 
cos t  i Cost 

$ 2,500 IS -- 
32,000 - 

223,000 - 
. - 275-000 

a -- 
20.000 120.000 

10 .ooo -- 

I 

Total Tangible Costs 

f 

$ 271,500 $ 405.000 

Approved By Prepared 

Date Date 

J o i n t  Owners Approved Date Approved 

BY 
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GEOTHERMA NO. 3 -ALTERNATE I: 
NUECES COUNTY, TEXAS 

DRIVEN 1 
.15" HOLE 1 

. -  

i 
. .  

, 

97#" HOLE 

6 1/2" HOLE 

16" CONDUCTOR A T  loo' 

lOW4"CASING A T  2500' 

, 7 5/8" CASING A T  10,000' 

5 1/2" CASING A T  14,000' 
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GEOTHERMAL WELL NO. 3, ALTERNATE I1 
MJECES COUNTY, TEXAS 

PROPOSED TOTAL DEPTH 14,000' 

Preliminary Drilling Program: 

1. Drive 16" conductor casing to 100'. 

2. 

3. 

Install casinghead and 16" 3M# Hydril blowout preventer; 

Drill 15" hole to 2500'. 

4. Run 10-3/4" casing and cement to sutface. 

5. Remove 16" Hydril and install 10-3/4"- slip-on and weld X 10" 5M# bradenhead. 

6. 

7. Drill 9-718" hole to 10,000' and log. 

Nipple up 10" 5M# type "U" and Hydril blowout preventers. 

8. Run and cement 7-5/8" casing. 

9. Install 10" 5M# casinghead spool and nipple up 7-1/16" loM# blowout 
preventers. 

10. Drill 6-1/2" hole to 14,000' and log. 

11. Run and cement 4-1/2" liner with a PBR. 

12. Run 4-1/2" tie-back and seal into PBR. 

13. Remove blowout preventer and install tree. 
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GEOTHERMAL WELL NO. 3 - ALTEEUATE I1 - Page 2 bi 

Mud Program: 

VIS - 1 Depth Weight 
0 - 2,500' 9.0 32-36 

I 2,500'-10,000' 9.0-12.0 36-44 
10,000'-14,000' 44-48 

Casing Design: 

Surface Casin : '-$, 40.5#/ft., IC-55, ST&C 

Production/Protection Casing: 
2000' - 7-5/8", 33.7#/ft., V-150, LTLC 
2900' - 7-5/8", 39.O#/ft., P-110, LT&C 
2500' - 7-5/8", 33.7#/ft., P-110, LTLC 
2300' - 7-5/8", 33*7#/ft., S-105, LTLC 
300' - 7-5/8", 39.0#/ft., P-110, LT&C 

Production Tubing: 
10,000' - 4-1/2", lS.l#/ft., P-110, TC4S 
4,000' - 4-1/2", lS.l#/ft., P-110, FJP 

Cementing Program: 

For Alternate 11, the depth, temperature, amount of fillup desired and the 
mud weight will remain the same. 
of cement, and spacer will change. 

Only the hole size, the pipe size and volumes 

Hole Pipe Volume of 
Size Size Slurry Required Volume of 
(in) (in) Cu.Ft. - Sacks Spacer Required 

Surface Pipe 15" 10-3/4" 2238 1462 10 bbls. water 

Production/Protection 9-7/8" 7-5/8" 1158 .479 Sacks 1000 gals. CW7 
Lead Slurry; 
189 Sacks 
Tail-in Slurry 

Production String 6-1/2" 4-1/2" 576 376 8 bbls. spacer 

Evaluation Program (To be run in open hole): 

1. A complete suite of Coraband or Saraband logs should be run at the follow- 
ing depths: 10,000' and 14,000'. 

Continuous mud log from 8,000' to T.D. 2. 

W 



11-62 

GEOTHERNAL WELL NO. 3 - ALTERNATE 11 - Page 3 
3. Conventional core prospective zones at discretion of wellsite geologist. 

4. 

Completion Procedure: 

1. 

2. 

3. Drill out cement. 

4. Perforate prospective zones. 

Sidewall core prospective zones at discretion of wellsite geologist. 

Run a Gamma Ray - C e t  Bond Log through prospective zones. 

Squeeze cement, If necessary, according to results of bond log. 

5. Production test well. 
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AFE NO. 
TlE W W  CHEMICAL COMPANY 

OIL AND GAS DIVISION 
AUTHORITY FOR EXPENDITURE 

Well Name Geothermal No. 3-Alternate I1 Area or Field Wildcat 

Objective Formation 

Rig Time - Daywork with Dr i l l  Pipe 45/18 day6 @ 

Rig Time - Daywork vithout Dri l l  Pipe-days @ $ - day 

Hauling or Boat Rental 

Uud and Chemicals 

B i t s ,  Permanent Packer and Rentals 

Company Supervisio 

Miscellaneous Servi 
Fishing Tools, e t c .  

Page 1 of 2 Pages W 

i 
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TANGIBLE COSTS: 

AFE NO. 

E s t  iaa t ed Estimated 
cos t  cos t  

THE DOW CHEMICAL COMPANY 
OIL AND GAS DIVISION 
AUTHORITY FOR EXPENDITURE 

Well Name G P O ~  - 

Dry Hole Completion 

Conductor Casing 100 Ft.  of 16" O.D. @ $ /Ft .  

Surface Casing 2500 Ft. of1*3/4"O.D. @ $ /Ft. 

Protection C a s i n g 1 0 s m  Ft.  of 7-5/8"0.D. 3 $ /Ft. 

Production Strin&l4,000 F t .  of 4-1/2"O.D. @ $ /Ft. 

Tubing Ft. of O.D. @ $ /Ft. 

Retrievable Packers, Liners, Special Hole Equipment 

Well Head Assembly 

Surface Production F a c i l i t i e s :  

Tanks, Treater,  Heater, Separator 

Flow Lines, Connections 

Related Contract Labor, etc. 

i 

$ 2,500 -. 
32,000 - 

223,000 - 
. - 223,000 

- - 
20.000 000 
- 10 , 000 

I I 

Total  Tangible Costs $277,500 $353,000 

Joint Owners Approved Date Approved . 

8 Y  

TOTAL WELL COST $1,681,300 



1 

U 

I 

11-65 

GEOTHERMAL WE ERNATE 11 
NUECES COUNTY, TEXAS 

i 

9?/B" HOLE 

6V2"  HOLE 

16" CONDUCTOR AT loo' 1 
1 

, 5m" CASING AT i0,ooo' 

4 1/2" CASING A T  14,000' 
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The following 
that may have 

GEOTHERMAL 'WELL NO. 3 
MATERIAL LIST FOR'LONG DELIVERY ITEMS 

is a listing of material required for drilling this well 
a long delivery time. Since this is only a preliminary 

drilling program, this list is being supplied for information purposes 
only and is not to be used for requisitioning material. 

Wellhead Eiluipment: Estimated delivery 12-18 months 

1 - 13-3/8" slip-on and weld x 13-5/8" 5M# bradenhead 
1 - 13-5/8" 5M# x 11" lOM# casinghead spool 
1 - 11" lOM# x 7-1/16" 15M# adaptor 
1 - 7" 15M# Xmas tree 

Casing: Estimated delivery 12-18 months 

4,850' - 9-5/8", 53.5#/ft., V-150, LT&C 
2,500' - 9-5/8", 53.5Y/ft., P-110, LT&C 
2,650' - 9-5/8", 53.5#/ft., S-105, LT&C 
10,000' - 7", 38#/ft., P-110, TC4S 
4,000' - 7", 38#/ft., P-110, FJP 
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-GEOTHERMAL WELL NO. 3, ALTERNATE I 
MATERIAL LIST FOR LONG D n I V E R Y  ITEMS 

The following is 
that may have a long deliv 
drilling program, this li 
only and is not to be use 

Wellhead Equipmen;: Estimated dk1W;ery- 

1 'required for drilling this well 
Since this is only a preliminary 

ing supplied for information purposes 
me. 

uisgtioning material. 

1 - 10-3/4" slip-ori 
1 - 10" 5H# x 11" lox# casinghead spool 
1 - 11" 1OM# x 7-1/16" 15M# adaptor ' 

eld x 10" 5M# bradenhead 
. .  

1 - 5-1/2" ISM# Xmas tree 
Casing: Estimated delivery 12-18 months 

2,000' - 7-5/8", 33.7#/ft., V-150, LTCC 
2,900' - 7-5/8", 39.0#/ft., P-110, LT&C 
2,500' - 7-5/8", 33.7#/ft., P-110, LT&C 
2,300' - 7-5/8", 33.7#/ft., S-105, LT&C 
300' - 7-5/8", 39.0f/ft., P-110, LT&C 

4,000' - 5-1/2", 23#/ft., P-110, FJP 
10,000' - 5-1/2", 23#/ft., P-110, TC4S 

. 
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The following is a l i s t i n g  of material required for d r i l l i n g  t h i s  w e l l  
t h a t  may have a long delivery time. 
d r i l l i n g  program, t h i s  list is being supplied fo r  information purposes 
only and is not t o  be used for requis i t ioning material. 

A l l  long delivery i t ems  f o r  t h i s  w e l l  w i l l  be the  s a m e  as for Alternate 
I with the exception of the u t i l i z a t i o n  of 4-1/2" casing i n  place of 
5-1/2" casing. The 4-1/2" casng w i l l  be as follows: 

Since t h i s  is only a preliminary 

- 
10,000' - 4-1/2", lS. l#/f t . ,  P-110, TC4S 
4,000' - 4-1/2", lS.l#/ft . ,  P-110, FJP 
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TEMPERATURE DISTRIBUTION AND PRESSURE 
LOSSES IN A GEOTHERMAL WELL 



111-1 

W TEMPERATURE DISTRIBUTION AND PRESSURE LOSSES 
I N  A GEOTHERMAL WELL 

ABSTRACT 

This study covers two baslc problems; ' (1)'temperature d is t r ibut ion;  
and (2) pressure drops i n  a geothermal w e l l .  Pressure drop calculat ions 
depend on the computed temperatures. .The temperature computations were 

1 made by using Ramey's techn . Pressure computations were made by 
fo l lowing formulas given i n  eter  . A t  the end of these two steps the 
amount o f  natural gas released by hot water i s  computed; The'theory i s  

2 

dix. 

INTRODUCTION 

Several methods have been proposed t o  compute the temperature d i s t r i -  
but ion i n  hot water i n jec t i on  well. Among them, f o r  a s ingle phase f low 
Ramey's analy t ica l  solut ion has found wide applications i n  the industry. 
His formula t o  compute the temperature d i s t r i bu t i on  i s  easy t o  use. The 
other methods involve numerical solut ions which are also a able but 
which require more computer time and storage. 

Although Ramey's solut ion has been developed f o r  hot water i n jec t i on  
wells, i t  can eas i l y  be modified f o r  geothermal wells wi th  some speci f ied 
geothermal gradients. i 

with temperature 
2. Heat w i l l  t ransfer rad 

i n  the wellbore i s  rap id compared to ' the  heat f low i n  the 
formation, thus can be represente ate solut ions 
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Figure. 1. Flow element. 

Assuming no phase change an approximate energy balance over the 
differential element dz 

and 
Q3 = 2 rl U(T1-T2)dt 

The rate of heat conduction from the casing to the surround formation 
is obtained by solving the diffusion equation assuming line source at the 
well. 2 (Reader is referred to Carslaw and Jeager for more details.) 

According to Ramey, dQ is given by 
2r k ( Tz-Te) dt 

f(t) (3)  dQ = 

where f(t) is called "time function" and defined by the same author. Te 
is the earth temperature. 
is closely approximated by the following formula. 

For times greater than seven days this function 

f(t) = in ut - 0.290 
ri 

(4) 
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where a is  the therma 
outside- radius 
plot for  f ( t )  function i n  
ferred to  Carslaw and Jeager for analytical forms. 
voir, one may be interested i n  longer times, say, months or  y 
fore equation (4) is certainly applicable. 

fusivity of earth, t is  the time and'rh is the 
For times less than seven days, there is a 
ame 'reference and the reader is again re- 

2 For geothermal reser- 

Removing T2 from equations (3) and (1) 

(T1 - T2) 2rrl Ud, = -wcdT1 (7) 1 1  - 

(T2 - Te) 2rk  d, = -wcdT1 f ( t )  

k+rluf  ( t) dT1 ~ - 
rluK2rk dz T1 - Te = -WC 

I (5)  
aT1 T1 Te 
az +'W) -.~A(t), 

In equation (5)  T1 = T1 (z , t )  and i t  is an ordinary differential 
equation for  any time t. 
data, and-i t  

Equatio 
temperature 

The earth temperature is known by geological 

T1(0) = Tbh 

Usually the geothermal temperatu 
12, Part I. also drawn. As 
seen on this 
broken line yielding two different gradients. This is typical for geo- 
thermal reservoirs. 

Let G1 be the geothermal gradient for the vertical distances.2 such 
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t ha t  0 < z c z1 and G2 be the gradient for  z such tha t  z1 < z < LS  where 
L i s  the t o t a l  depth of the w e l l .  Also not ice tha t  the o r i g i n  of the co- 
ordinate system (r,z) is&placed a t  the bottom o f  the well, i.e., the 
coordinate o f  the surface z = L, not z = 0. 

Geothermal temperatures are defined as fol lows (te i s  the earth 
temperature ) : 

= Tbh - GIZI 0 < Z < z 1 
'e 

= Tb - GIZl - G2z2, Z1 C 2 < L 

In tegrat ion o f  d i f f e r e n t i a l  equation ( 5 )  between 0 and zl y i e l d  

f 

eZIA dz + B ( t )  
(Tbf, - Z 

A( t) 

where B ( t )  i s  some time dependent constant. 

Then: 
T1(Z,t) = Tb - G,z + GIA(t) - GIA(t) - G1 A(t)e -z la ( t )  

1. 

( 9 )  

Equation (8) and (9) are used t o  compute the temperature d i s t r i bu t i on  i n  
the we1 1. 

PRESSURE DROP CALCULATIONS 

Assuming f low i s  incompressible, f i r s t  law o f  thermodynamics resu l ts  
i n  the fol lowing mechanical energy balance, between the two points i n  the 
pipe. Let us denote these two points by i and i + l ,  then 

Writ ing (10) f o r  a pipe element as mentioned above and noting tha t  Vi = 

'i+l 

pi - P i + l  = (z i+ l -  z i )  P + hL (11) 
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wheretv = l/p-and hL =-4fV-dL 2 were used, hL i s  ca l led "head loss", f i s  
2gcD 

the Moody's f r i c t i o n  factor. Thus the f i r s t  'term i n  (11) denotes the 
s t a t i c  pressure drop.and-the second term i s  due t o  f r i c t i o n  inside the 

pipe. Equation (11) gives the pressure drop a t  two selected leve ls  o f  
pipe, namely zi and 

It i s  also noticeable i n  equation (11)- tha t  t h i s  equation has some 
temperature dependent variables such as p v iscos i ty  1.1. v iscos i ty  does 
not appear exp l i c i t l y ;  however, i t  i s  necessary t o  compute f. 

f i e d  roughness. A l l  these data are supplied t o  the computer program as 
w i l l  be explained i n  the appl icat ion section. 

explained i n  the application. 

Also f, f r i c t i o n  fac to r  i s  obtained from Moody's diagram f o r  a speci- 

A t h i r d  stage i s  the computation o f  dissolved gas; i t  i s  also 

APPLIC 

The data for, a 15,000.ft geothermal w e l l  i s  given i n  f i g .  2 .  Well 

emperature d i s t r i bu t i on  was computed by equations (8) and (9) f o r  
design 4s- shown on the' same f igure.  

one week in te rva ls  and l a t e r  one month intervals.  Temperatures were 
computed. for  t he  f i r s t  f.ive years of,.production 
d i s t r i bu t i on  i n  the wel l  i s  shown on f ig.  4 and 5 a f t e r  a month o f  pro- 
duction. . 

Temperature and pressure 

It was assumed tha t  
1. Temperature o f  t h  

2. Pressure o f  the reservoir  was constant over the f 
11,713 Psi)  

3. Production r 
The ' fo l lowing xmperical 

f the water:.. 

remained constant (300OF) over a . - 

f i v e  year period 

1.1 = 0.68 - - 0*36 (T-200) 200 
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The f r i c t i o n  factor was approximated by the Colebrook formula developed 
by Wood (see Streeter). 

1 x 
This formula i s  good f o r  Reynolds numbers greater than 10,000 and 

E/D 0.04- where E i s  the roughness o f  the ins ide pipe surface. 

f = a + b R e  -C 

where 
a = 0.094 k 0*225 + 0.53 k 
b = 8 8 k  

0.134 c = 1.61 k 

k = E/D 

0.44 

where 

RESULTS 

It was determined tha t  most o f  the t ransient f low took place w i th in  
a couple o f  days. A week a f t e r  temperature changes were negl ig ib le  ( less 
than 0.010 F). The t o t a l  temperature drop was about 5O F thus surface 
temperature was 295O F for the f i r s t  week o f  production. A t  the end o f  

f i v e  year period there was no s ign i f i can t  changes found i n  the well  head 
tempera tures. 

Well head pressures were computed as about 6475 psi .  

Assuming tha t  water was saturated w i th  methane, one can go t o  the 
chart  ( f i g .  3) and f i n d  the methane to be released a t  well  head pressure, 
which i n  t h i s  case about 38 sdf/bbl. 

CONCLUSIONS 

1. 

2. 
3. 

(See f i g .  4 and 

5.) 

Ramey's method can be applied t o  obtain the temperature d i s t r i -  
but ion i n  a geothermal wel l  
I n  the green example, temperature drop was very small (about 5OF) 
It appears tha t  38 scf/bbl methane can be produced i f  the water 
i s  saturated w i th  methane 

--\ 
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APPENDIX I V  

WIRELINE FORMATION TESTING 

The fol lowing i s  a repr in t  o f  a paper 
describing the proposed Wireline- 
Formati on-Tes ter techniques . 
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ADVANCEMENTS IN UNCASED-HOLE 
WIRELINE-FORMATION-TESTER TECHNIQUES 

BY 
A. L. Schultz, W. T. Bell, and H. 1. Urbanosky 

INTRODUCTION 

The wireline-formation-tester (FT*) technique was 
introduced to provide confirmation of formation-fluid type, 
indications of productivity, and formation pressures.‘ Vari- 
ous improvements have been made over the yeus, and in- 
terpretation methods have been developed for best utiliza- 
tion of the information from the recovered fluid samples 
and the pressure recordings.* 

While the technique has been locally sucrrssful, 
it has not realized its full potential, basically due to the 
long rig time required with prior existing testers for 
multiple-zone h d n g .  Once the tester was set in the well, 
it could not be repositioned at another level in the zone of 
interest. Consequently, any test failure, due to a tool sating 
in an impervious streak, or due to a packer-seal failure, re- 
sulted in an extra trip in the well. 

Performance in many unconsolidated sands was not 
acceptable with these older tools. Techniques to combat 
the flow of sand into the tester were never completely suc- 
cessful; this caused undermining of the packer sd, with 
subsequent mud-sample recovery. These factors combined 
to produce an overall success ratio of about 70 percent for 

.all formations, and toughly half that for unconsolidated 
sands. 

Also, tool redressing required between runs was ex- 
tensive. This added to the overall operating time unless 
additional tools were available at the well. 

Another limitation of existing FT tools WOE the in- 
sufficient a c c u q  of the ncorded pressures (in the range 
of 2 to 3 percent). This, combined with the single-test- 
per-trip capability, often discouraged the use of these tools 
for recording several pressure measurements in a well. 

In summary, major limitations of these older tools 
were their inability to be repositioned after having once 
been set, their single-test capacity, and the lack of a re- 
liable means for testing the integrity of the seal before 
attempting a sample. 

To overcome the above shortcomings, a new forma- 
tion tester has been developed. 

*Trademark of Schlumbcrger. 

PRINCIPAL FEATURES 
OF THE NEW TESTER 

The new fester has several distinguishing features as 
compared with the prior tools. Several successful tool xt- 
tings arc possiblc without bringing the qbipment out of the 
hole. Combined with this is a “pretest’: capability which 
permits the operating engineer to ascertain, in advance of 
attempting to take a sample, whether the packer is seal- 
ing properly and, if so, whether fluid Row is adequate to 
obtain a sample in a reasonable period of time. 

Thus, if the tool is set and the packer seal fails, or if 
the indications are that the tool is set in an impervious 
streak, the tool i s  simplv retracted and moved to another 
position in the formation of interest. On the other hand, 
if both seal and flow indications on “pretest” are satisfac- 
tory, a sample is tqken. 

Two separate sample chambers make it possible to 
obtain two separate samples on a single trip into the well. 
This further reduces testing time. The samples may be 
from different depths, or they may be from a single test at 
a given depth, in which the fluid produced last is put in a 
separate chamber, and thus is segregated from that pro- 
duced titst. 

The new tester also provides for sampling in both 
consolidated and unconsolidated formations. 

Pressure-recording accuracy has been improved to 
1 percent or better. With special calibration of the 

equipment, an accuracy of about zk 0.18 percent can be 
obtained. The multiple-set and pretest features permit any 
number of pressure tests to be made on a single trip in the 
well. 

Finally, upon return to the surface, wry little dress- 
ing of the tool is required. Once the chambers are emptied 
of their recovered fluids, the tool may be lowered again 
for additional tests. 

. _- 

TOOL DESCRIPTION 
The general configuration of the new Repeat Forma- 

tion Tester (RFT*) tool is similar to that of prior equip- 
ment. It consists of control panels in the truck, a down- 
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RETRACTED POSITION ,PACKER 

SET POSITION 

Fig. I - (Ahow)  Setting sectioii of the Repeat 
Forntatioir Tester' m~erhanical unit. 

Table I 
RFT SPECIFICATIONS 

I '  FLOW LINE+ 

COLUMN 1 

. .  

PRETEST : 11 CHAMBER 

. A\ 

Pressure Rating : 20.000 psi 
Temperature Rating 
Minimum Hole Size 
Maximum Hole Size 
Basic Make-up Length 

hncluding options) 

Formation-Pressure Readings I 

Sample-Chamber Sizes ' 

Strain da e Transducer 
preuur&rsuring Specification 

per hip in hole Any Number 

Room-Temperature Calibration 0.73% LO psi 0.05% 
WelCTemperature Calibration 0.18% 1.0 psi 0.05% 

*Basad on 1ulI.scaIe reading, 10,000 psi gage. 

SAMPLE 
CHAMBER) Functional rcbematic of Repeat Forma- 

tion Tester sampling system. CHAMBER) 
W 
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#0‘ FORMATION 
PRESSURE 
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Time 
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MUD PRESSURE AFTER 
SET INDICATES PACKER 
SEAL FAILURE. 

VERY LOW PRESSURE 
AFTER SET INDICATES 
NO FLOW FROM FORMATION - 
IMPERVIOUS STREAK. 

Goo0 SEAL INDICATED. 
SOLID LINE REFLECTS 
GOOD FLOW RATE; 
DASHED LINE, TIGHT. 

Fig. 3 - Pretest indicatiorrs. 

hole electronic cartridge, a mechanical unit, and sample 
chambers. General specifications are outlined in Table 1. 

The setting section of the mechanical unit is shown 
in Fig. 1. The packer assembly and backup shoes are shown 
in the extended (or set) and retracted (or running) posi- 
tions. The small-area wall-contact points serve to minimize 
differential-pressure sticking which has troubled existing 
techniques. Actuation is by means of a hydraulic power 
system in the mechanical unit, which may be energized 
on command from the surface to control setting and re- 
tracting of the packer assembly and backup shoe, as well 
as all valving functions. This feature helps to provide the 
multiple-set provision. 

The “pretest” function, incorporated in the mechan- 
ical unit, permits the operating engineer to ascertain that 
the padcer is sealing properly and that the fluid flow is ade- 
quate to obtain a sample in a reasonable period of time. 
As shown schematically in Fig. 2, a small pretest cham- 
ber, with a 1 5 - a  volume, is located between the packer 
and the valves leading to the sample chambers. When the 
packer is set, the equalizing valve closes and the chamber 
is opened, resulting in one of three possible pressure re- 
sponses: indication of mud pressure if seal is lost (Fig. 3a), 
a very low pressure if the packer is seated on an im- 
pervious streak (Fig. 3b), or a pressure decrease followed 
by a buildup to formation pressure if in a permeable 
zone (Fig. 3c). 

Since the volume of the pretest chamber is known, 
the rate of fill-up provides an indication of the time that 
would be required to fill one of the larger sample cham- 
bers located below the seal valves on Fig. 2. If all “pre- 
kst” indications are satisfactory, one of the seal valves 

is opened to allow fluid to enter a sample chamber. These 
valves may be closed and reopened at any time during the 
test in order to obtain a pressure-buildup measurement. 

On the other hand, if the pretest indications are 
negative, the tool is simply retracted. In this event, the 
pretest chamber is automatically emptied, and the equaliz- 
ing valve is automatically opened as the tester is retracted 
for the next attempt. 

A speual probe, which can be seen protruding from 
the center of the packer in Fig. 1, provides more 6cient  
testing across a broad range of formation characteristics- 
consolidated to unconsolidated. The probe is equipped with 
a filtcr to restrict flow of loose sand. Fig. 4 schematically 
illustrates probe operation. On setting the tool, the c l o d  
probe is fomd part of the way through the mud cake. A 
piston is then retracted exposing the tubular filter to the 
formation fluids. If the formation is unconsolidated, sand 
flows into the probe where its further movement is re- 
strained by the filter. Concurrently, the ,probe moves into 
the formation to occupy the void produced by the flowing 
sand in order to avoid undermining of the packer seal and 
subsequent failure. If the formation is consolidated, the 
p& does not penetrate the formation, and CMIY mud 
cake and formation fluid flow into the hollow cavity of the 
P”be. 

.. . 
9. ,. 
- - ,  
. .. * 

. *  

L , * .. 
UNCONSOLIDATED 

. .  
. :  SAND 
.. . .  .. .. 

. PROBE CLOSED 
.- DURING e .  

* INITIAL SET 

.PROBE OPEN 

Fig, 4 -Packer flter-probe assembly. 
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ANALOG PRESSURE 
RECORDING - psi 

UILD-LIP PRESSURE 

Fig. 5 - Recording of a pressure test only. Sample cbamber is not opened. 

ANALOG PRESSURE 
RECORDING - psi 

3 10000 

VALVE 

MUD 
PRESSUI 

DIGITAL PRESSURE RECORDING -ps i  

1 loo00 

10 I" t c  

I '  I - 1 100 

of a sample test. . I 
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A typical recording of a pressurr test only is shown 
in Pig. 5, and of a sampling operation in Fig. 6. In these 
figures. the left-hand track shows the d o g  pressure 
recording versus time. The right-hand four tracks display 
the equivalent digital information; the first of these tracks 
gives thousands of psi, the next, hundreds, the next, tens, 
and the last track, units. Thus in Fig. 6 the total digital 
reading at the end of the test is 4,000 plus 300 plus 60 
plus 9, or 4,369 psi. 

FIELD RESULTS 

The Repeat Formation Tester technique is currently 
being evaluated in the Gulf Coast area. 

One hundred and eighty wells, involving ( 5  zones, 
have been tested. Fluid-sampling operations were per- 
formed on half the zones and pressure tests only on the re- 
-der. An average of over ten &/retract operations 
were performed on each well. 

The success ratio for sampIing (number of inter- 
p&le samples obtained compared to those attempted) 
has been over 90 percent. For pressure tests only, the suc- 
cess ratio has approached 100 percent. 

The small walkontact surfaces featured by the tool 
have essentially eliminated sticking of the to01 itself and 
the resultant fishing operations. These features also relieve 
the general problem of cable keyseating and/or differen- 

tial-pressure sticking by minimizing the pull necessary on 
the tool during retraction. Ten fishing jobs occurred during - 
the course of the above operations; these were due to cable 
keyseating. 

The following examples are typical of the results 
obtained. 

EXAMPLE No. 1 
Excessive seal failures have severely handicapped the 

use of conventional formation-testing quipment in many 
wells. Four conventional wireline tests were attempted in 
the interval from 4,496 to 4,502 f t  (Zone A) shown in 
Fig. 7. Because of seal failures, each of the four tests 
yielded a tool full of drilling mud. The RFT tool was 
brought to the well and used to test the same interval. It 
was set twice in the same zone. The first setting indicated 
that the tool plugged after the 23/q-gallon (10,250-cc) 
chamber was opened. The tool was retracted and set 
again. This time, 8.1 cu ft of gas, 2,000 cc of oil and 
5,000 cc of oilcut mud were recovered. 

EXAMPLE No. 2 
Shallow, unconsolidated shaly sands have presented 

many testing problems in Gulf Coast formations. The in- 
terval from 1,248 to 1,267 ft shown in Fig. 8 has been 
considered a potential shallow gas pay for several years. 
However, seal failures and flowline plugging have pre- 
vented this zone from being successfully wireline tested. 
The RET tool was recently used to test this zone. Three at- 

TEST RESULTS 
AMP SN ZONE A 

Fig. 7 - 
tional FT and Repeat 
Formation Tester results 
in same zone. The RFT 
results here, and in eacb 
of tbe subseqaent ex- 
amples, were achieved 
during a single trip in 
tbe bole. 

Comparison of conyen- 
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Fig. 8 - 
RET resrrlts in sballow, 

unrorisolidated sand. 

SP 
IO 
H+- 

Caliper 15 
-- 

Fig. 9 - 
Examfile of RFT w e  

SPE 5035 

RESISTIVITY I 

Set+ Depth Results 

I I251 LowPerm. 
2 1262 LowPerm. 

7-- 

RFT RESULTS 
Set& Depth Results --- 

& I  6110 SLOWPRESSUR 
BUILD-UP ON 
PRETEST 

E 
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Pressure 
W 

252 

2,440 
(hydrostatic 

pressure) 

2.050 

a3 

314 

1,350 
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llulldup lime 
(minutes) 

3 

immediate 
kea1 loss) 

5 

3 

3 

4 

is CALIPER 16 
--------a 

SP 

Fig. 10 - Example of nztdtiple settings in an 
interval of low natural permeability. 

tempts were necessary to obtain a packer seal in a per- 
meable interval. A good test was finally obtained at 1,252 
ft. Recovery was 10,250 cc of fresh water. 

EXAMPLE No. 3 
Testing in very thin zones and shaly sands is easily 

handled with the RFT technique. Shown in Fig. 9 are two 
zones that were tested with one trip in the well. Zone “A” 
was tested at 6,494 ft. This interval is only two feet thick. 
The first setting yielded no pressure on the pretest, indi- 
cating the packer assembly was opposite an impermeable 
zone. The tool was repositioned. On the second setting 
16.2 cu ft of gas and 750 cc of water containing 17-per- 
cent formation water were recovered. Zone “B” is indi- 
cated by the SP and other logs to be a rather shaly sand. 
The first test attempt was at 6,110 ft. A slow pressure 
buildup was indicated on the pretest. The tool was re- 
tracted and moved to 6,109 ft. The flowline plugged when 
the chamber was opened. Since closing the tool clears the 
flowline, the tool was retracted and moved to 6,109.5 ft, 
where pretest indications were positive. Recovery was 44 
N ft of gas and 1,000 cc of mud. 

EXAMPLE No. 4 
Many hours of valuable rig time sre fmIuMfly con- 

sumed trying to test zones that are impermeable and will 
not yield fluid on a test. When a sustained &ort to test 
a zone such as this is attempted with conventional equip- 

ment, many trips in and out of a well are necessary. With 
the RFT technique, sufficient pressure readings can be. 
taken in the formation, during one trip in the well, to pro- 
vide an indication as to whether its natural permeability 
is adequate for commercial production. In Fig. 10, Zone A, 
from 4,393 to 4,398 ft, is an interval which was indicated 
by RFT tests to have low natural permeability. The results 
of six pressure readings in the interval are shown in 
Table 11. 

Table II 
Results of Pressure Readings in Well of Fig. 10 

Depth ne 
4,394 

4,394.5 

4.395.5 . 

4,396 

4,396.5 

4,391 

The very slow rate of pressure buildup in the flowline 
volume is an indication that this formation is not com- 
mercially productive. Commercial production should not 
k expected in this zone because formation pressure was 
not reached in less than 30 seconds during the pretest 
phase. The ability to take multiple-pressure readings saved 
five trips in the hole. 

EXAMPLE No. S 
A quick check of formation pressures can be made 

during one trip in the hole in areas where this informa- 
tion is essential for good reservoir evaluation and de- 
cision making. As an example, Fig. 11 shows an interval 
where‘several pressure tests were taken on the same trip 
in the hole. Zones F and G are known pressure-depleted 
sands. The two zones were tested in order to measure cur- 
rent pressures, Zone B shows a somewhat lower pressure 
than Zones C, D, and E; this was because it was being 
produced in a nearby well. 

EXAMPLE No. 6 
Mud hltrate often masks the results of tests taken 

with the wireline formation tester. This can be quite im- 
portant when other means of evaluation indicate the zone 
to be a borderline case and the wireline tester recovers a 
small volume of gas and/or a trace of oil and a large vol- 
ume of fluid which appears to be mud filtrate. The RFT 
tool’s ability to segregate the fluids recovered near the end 
of a t a t  can help solve this problem in areas where test 
results such as this are common, or where the diameter of 
invasion calculated from logs indicates that deep invasion 
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may be a problem. Zone A in Fig. 12 was tested at 5,441 
f t  and the last gallon of the fluids recovered by the.tool 
was segregated. The decision to segregate was based upon 
previous testing experience in this area. After Jetting the 
tool, the 23/4-gallon chamber was allowed to fill, and after 
7 minutes it was sealed. The one-gallon chamber was then 
opened for three minutes after which it was sealed and the 
tool was retracted and brought to the surface. Recovered in 
the 23/q-gallon chamber were 1.8 cu ft of gas, a trace of 
oil, and 10,000 cc of water the resistivity of which meas- 
umd 2.06 0 h - m  at 75OF. The filtrate, at the time of fog 
ging, measured 1.59 ohm-m at 75OF. From this sample, 
one might condude that this tone will probably make gas 
and -me oil, since there is no evidence that formation 

ter was produced in the test. conclusion would be 
i n f o r d  by the fact that this well is running high am- 

another one that had a good show in the quiva- 
logic interval. However, the recovery from the 

c h m h r  changes this picture dnsticdly. Re- 
very for this chamber was 0.8 cu f t  of gas, a trace of oil, 

and 2,300 a of water the resistivity of which measurrd 
0.147 at 7 5 O  (ps compared with 2.06 ohm-m at 75OF for 
the water wnple in the 23/4-pIlon chamber). This re- 
sistivity cormpnds to over W-percent formation water. 
Therefore, the final result of the test. indicates that water 
p d d o n  C M  be expeaed from this 2one. 

The above mults illustrate the importance of the 
multiple-& and pretest features for achieving high success 
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ratios with minimum rig time. Indeed. experience with the 
RkT tester suggests that without those features test data 
from existing techniques could be misleading in some cases 
-where time does not permit the zone to be "probed" 
adequately. 

h 
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Fig. 12-Example wbere, by use of tbe Repeat 
Formation Tester, segregation of tbe 
fluid produced last from :bat produced 
first clarified tbe interpretation of tbe 
zone. 

e .  11 

Lid 
While no results are yet available from tighter forma- 

tions, such as those in the Mid-Cantinent, the new tool'is 
expected to minimize t a t  time and improve interpretability 
of samples by the capability it provides to seek out the 
more permeable zones in the formation. 

SUMMARY 

Substantial impr~ivements in wireline-formation-tester 
techniques have recently been effected through development 
of a tool with multiple-set capability. The device can be set 
any number of times on a single trip in the well, permitting 
the operating engineer to "pretest" or "probe" the forma- 
tion for more permeable regions and to check the integrity 
of the packer seal before taking a fluid sample. 

Any number of pressure measurements can be rapidly 
made while in the well with greater accuracy than is pos- 
sible with earlier-model equipment. Two fluid samples 
can be rerovered. Two segregated samples can be taken 
from the same zone. Numercius pressure-buildup tests can 
be made while sampling. Sampling can now be done more 
efticiently in unconsohdated as well as in consolidated 
formations. 

Field results indicate success ratios of over go percent, 
with improved zone interpretation and significant reduc- 
tion in the rig time required for the testing. 
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APPENDIX V 

PROGRAM OUTLINE AND COST ESTeIMATE 
J 

OF ROCK MECHANICS AND FLOW PROPERTY STUDIES 

An outline of the recotmended direction for the rock 
mechanics research effort has been given in the main 
body of the report. In this Appendix more detailed 
recommendations for the research content are given 
and used as a guide for estimations of organization, 
scheduling and budgeting. 



V- 1 

w 

i 

1. Research Oblrctives 

overburden and surf ace during 

the  behavior of the  reservoi rs  of the  Texas Gulf Coast, many of t he  techniques and 

a b i l i t i e s  developed w i l l -  be other regions, ' given the  necessary rock 

properties.  

hree major areas: 

ng echanical e f f ec t s  of 

f l u i d  withdrawal and introduction. 

2. The imres t iga t  chanical and thermal proper- 

ties of a typ ica l  reservoi r  rock and overburden, t o  allow formulation of a su i t ab le  

ive  numerical data f o r  

t h e  re levant  mechanical and thermal parameters. In addition da ta  on heat d i f f u s i v i t i e s  

t ivi t ies  necessa ion may be obtained as pa r t  

tween them w i l l  be necessary. Thus t he  simulator development w i l l  depend upon the  

1 



2. The Development of the Mechanical Simulator 

Any change i n  pore pressure within the reservoir w i l l  cause alent  

change i n  the e f fec t ive  stress f i e l d  operating on t h i s  rock. 

although the change i n  stress a t  any point w i l l  be hydrostatic, it w i l l  be non- 

uniform over the  reservoir. 

uniform deformation and t o  conditions of shear. 

f i r s t l y  the reservoir deformation and secondly the change i n  porosity, both being 

required as functions of space and time. Futhermore, compaction of the reservoir 

rock w i l l  induce, i n  general, a change i n  permeability. 

e i ther  by the use of exis t ing theories, o r  from empirical laboratory data. 

lowance must be made a lso f o r  the e f fec ts  of non-uniform temperature f i e l d s  within 

the reservoir and surrounding rocks. 

It has been seen that 

This lack of uniform stress change w i l l  lead t o  non- 

Two quant i t ies  require prediction, 

This may be calculated 

Al- 

The deformation f i e l d  determined for  the reservoir rock and the surrounding 

sediment, should these be subjected t o  dewatering and compaction may be used as  a 

boundary condition for  the deformation and stress f i e l d s  i n  the overburden. The 

e f fec ts  on the overburden may be calculated using f i n i t e  element techniques, the 

form of the code used being dependent upon the nature of the predominant deformation 

mechanisms exhibited by the werburden rocks. 

The amount of work necessary f o r  the development of the mechanical behavior 

simulator w i l l  depend upon the nature of the rocks within the zone of in te res t .  

The development of the  mechanical behavior simulator outlined above andin 

the main body of the report  may be summarized as a series of tasks: 

Task 1. Determine the simplest r e a l i s t i c  mathematical model f o r  the defor- 

mation behavior of the  reservoir rock, including the degree of inhomogenity and 

anisotropy. 

Task 2. Develop theory and code f o r  the calculation of reservoir compaction 

r .  c, 
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and porosity change f o r  any given pressure and temperature f i e l d s ,  based on the  

model from Task 1. 

. 

Task 3. Determine the’depend f permeability on compaction and porosity 

with the  help of ex i s t ing  theory and laboratory data. 

Task 4. Develop code f o r  t h  

paction and porosity data. 

of permeability f i e l d s  from reser- 

Task 5. Maintain c l  contact with f l u i d -  flow simulator group in carrying 

out  Tasks 2 and 4. 

- Task 6. Determine the  simplest realistic mathematical models f o r  the  over- 

burden rocks, including the  degree ogeneity and anisotropy. 

deformation f i e l d s  wi th i  

Task 7b Develop a 

Task 8. Develop t 

dence da ta  i n  a meaningful form. 

Task 9. Veri f ica t ion  of the  simulator on the basis of: 

hroughout wi th ’  o ther  workers i n  these areas. 

as possible, placed i n ’ t h e i r  expected order 

It w i l l  be appreciated that t he  development- of any. s i m d a t i o n  f a c i l i t y  of t h i s  tppe 

is a dynamic process and c lose  i n t e r e l a t i o n  between tasks and with the  mechanical 

t e s t ing  program is essent ia l .  
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3. The Laboratory T e s t  Program 

The laboratory test program should have th ree  major objectives: 

1 )  The determination of t he  simplest realistic mathematical model f o r  the 

various rock materials, and of t h e i r  anisotropy and inhomogeneity. 

2) The measurement of the relevant mechanical and thermal properties of the 

rocks together with the  dependence of these properties on stress and temperature. 

3) The v e r i f i c a t i o n  of p a r t s  of t he  mechanical simulator. 

3.1 The P i l o t  Study 

The form of the  bulk of t he  test program w i l l  depend upon the  pred&nant de- 

formation mechanisms displayed by the various rocks, and on t h e i r  degrees of aniso- 

tropy and inhomogeneity. 

gram be considered as a p i l o t  study which is aimed a t  defining these mechanisms. 

This p i l o t  study is envisaged as a preliminary unsophisticated, and mainly qua l i t a t ive ,  

examination of the  major deformation properties of the  d i f f e ren t  rocks. 

of t h i s  study w i l l  be sho r t ,  no more than one month, and could be concurrent with 

the  development of equipment f o r  the main test program. 

It is recommended that the first phase of t h i s  test pro- 

The duration 

3.2 The Main T e s t  Program 

The main test program w i l l  be directed towards the  determination of t h e  rele- 

vant material properties,  and, i f  necessary, the  refinement of the  general mathe- 

matical model defined i n  the  p i l o t  study. The relevant material properties are: 

1) Deformation moduli - these w i l l  be i n  general functions of temperature 

and stress; where the  stress dependence is high the  material w i l l  be non-linear, 

where i t  is absent or low Over the range of stress of interest a l i n e a r  approximation 

w i l l  be possible. For a per fec t ly  elastic i so t rop ic  material the  relevant moduli 
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W w i l l  be Young's Modulus, Poisson's r a t io ,  Bulk modulus and shear modulus, any two 

of these being s u f f i c i e n t  t o  define the ramainder. For an anisotropic elastic 

moduli 8re the same, but w i l l  now be dependent upon direction. For 

coe la s t i c  material the relevant moduli w i l l  be the time-dependent ana- 

logues of the  elastic moduli. 

2) ressive and shear strengths of the various 

materials under d i f f e ren t  stress and temperature conditions must be known. 

elastic behavior i t  

For e las t ic-plast  

Depend- 

be necessary t o  determine time- 

terials the yield strength is 

a n  important parameter. 

- calculation of the 

epend upon a kn 

designing the ex am, and the equipment t o  be used, consider- 
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Thus 

1) 

2) 

The e f f ec t  of lowering pore pressure is essent ia l ly  volumetric; 

The d i r e c t  determination of bulk moduli f o r  the teservoir  matrix, t ha t  

is without the pores, w i l l  be more eas i ly  made by measurement of volumetric s t ra in  

under hydrostatic loading, than by measurement of l i nea r  or  shear s t r a in ;  

3) Where non-elastic behavior is evident it is normal t o  assume the  non- 

elastic components t o  be confined t o  non-hydrostatic loading conditions (2,3); 

4) The measurement of volumetric s t r a i n  under hydrostatic loading auto- 

matically takes account of any miuor, and insignif icant ,  anisotropy which may be 

present. 

5 )  

6 )  

I n  considering i n s t a b i l i t y  of the roof rock shear is of major importance. 

Equipment f o r  measuring deformation i n  torsion within the p r  

temperature range is already available. 

For an i so t rop ic  elastic material the deformation moduli may be f u l l y  defined 

by measurement of volumetric strain under hydrostatic loading, and of tors ional  

s t r a i n  under tors ional  loading. I f  anisotropy is not negligible the measurement of 

volumetric s t r a i n  w i l l  have t o  be supplemented by l inear  s t r a i n  determination under 

non-hydrostatic t r i a x i a l  normal stress. 

determining volumetric s t r a i n  on change of temperature, giving the l inear expansion 

f o r  an isotropic  material. 

mined d i r e c t l y  by measurement of l i nea r  s t r a in .  

The thermal expansion may be measured by 

For an anisotropic rock l inear expansion may be deter- 

I f  time dependent deformation is s ignif icant  it w i l l  be necessary t o  carry 

out longer term creep tests which, by t h e i r  nature, require several test r i g s  t o  

ensure a reasonable turn round of results. 

complexity of e i the r  the hydrostatic o r  tors ional  equipment w i l l  preclude t h e i r  re- 

pl icat ion,  and long term creep behavior of the material may be quantified most 

economically by the use of a series of t r i a x i a l  normal loading r igs .  

I n  t h i s  case the relative expense and 
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u Having achieved a desired stress and temperature condition,in any specimen 

the f l u i d  flow behavior may be determined by establishing a pressure gradient across 

the specimen and determining the resul t ing flow rates. Similarly by varying the 

temperature of the incomihg.and ou'tgoing f lu id  the  rate of heat t ransfer  between 

rock and f l u i d  may be measured. 

As has been noted above the thermal conductivity and d i f fus iv i ty  of the various 

rocks are necessary f o r  the  calculation of the tenperature f i e l d  around the reser- 

voi r  rock. 

values Over the  l i k e l y  range of ambient temperature and pressure must be known. 

Since these parameters may vary with temperature and/or stress t h e i r  

The measurement of these parameters is notoribusly d i f f i c u l t  t o  achieve t o  any 

high degree of accuracy ( k ) ,  and t h i s  w i l l  be par t icular ly  t rue  when the additional 

ambient temperature are included. How- 

ever while a reas is required f o r  these t w i l l  

not be necessarv t o  achieve excessive accuracy, s ince the analysis i n  which they are - -  
t o  be used can only be approximate i n  i t s e l f .  
3.3 Laboratory T e s t  Program Organization 

A test program of the  type recammended may be divided I n t o  a ser ies -of  tasks: 

Task 1. ' Preliminary investigation of the  principle deformation mechanims, 

anisotropy and inhomogeneity, 

- Task '2. Definition of a simple but realistic mathematical model €or the 

material. 

Task 3. Development of equipment. 

Task 4. betermination'of deformation moduli under hydrostatic and near hydro- 

static loading, permeability, fluid/rock heat t ransfer  pro s, and thermal ex- 
- -~ 

direct ions as by the  material anisotropy. 

Determination of c essive strength and yield strength f o r  elasto- 
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< f  

i - Task 6. Determination of shear deformation behavior under torsional load 

and yield strength f o r  elasto-plastic material. 

Task 7. 

Task 8. 

It should be noted that many of these tasks can be carried out concurrently - 

Determination of long term creep constants f o r  viscoelast ic  material. 

Determination of thermal conductivity and diffusivi ty .  

and tha t  Task 7 may not be necessary. Certain additional tasks should be carried 

out Over a time frame encompassing the whole project,  these being: 

Task 9. Analysis of data, incorporation into,  and ver i f ica t ion  and modification 

of,  the  mechanical behavior simulator. 

Task 10. Contact with other workers i n  the relevant areas of research. 

3.4 Specimen Availabil i ty 

The success of the laboratory test program outlined i n  t h i s  Appendix w i l l  de- 

pend upon the  ava i lab i l i ty  of cores f o r  testing. 

necessary w i l l  depend upon the homogeneity of the various s t r a t a  - the  greater the 

heterogeneity the  greater w i l l  be the number of specimens required t o  ensure 

The exact quantity of material  

s t a t i s t i c a l l y  va l id  resul ts .  

be taken t o  ensure t h i s  avai labi l i ty .  

under i d e a l  conditions specimen ava i lab i l i ty  w i l l  be limited. 

therefore, that  the test program be made as ef f ic ien t  as possible by the use of 

multi-purpose tests and by the l imitat ion of specimen s i z e  t o  the minimum compatible 

with test val idi ty .  

be carr ied out using s imilar  material from other locations. 

It is strongly recommended tha t  the necessary s t e p s  

However, i t  must be appreciated that even 

It is recommended, 

It is a lso  suggested tha t  much of the preliminary work could 

4. Simulator Verification 

One of the most important aspects of simulator development should be the  veri- 

f icat ion,  and where necessary modification, of the various techniques and codes used 

by comparison with measured data. I n  the iaboratory t h i s  ver i f ica t ion  process may 
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be applied t o  individual sections of code, i n  par t icular  those sections r e l a t ing  - -  ~- 
pressure, and/or temperature change t o  permeability. 

- The second, and vital ,  phase of the ve r i f i ca t ion  process w i l l  depend upon 

f i e l d  r e s u l t s  from a p i l o t  reservoir where subsurface deformation data  could be 

obtained and used t o  compare with predictions from the simulator. 

could be obtained by cowentional surveying techniques. 

w i l l  be l imited by the number of available-boreholes and by the need t o  f i t  any 

measuring devices i n t o  the overall w e l l  bore monitoring system. 

Subsidence data 

Subsurface data aquis i t ion 

Additional v e r i f i c a t i o n  could be obtained by the use of subsidence data  from 

operational o i l  and gas reservoirs,  o r  producing aquifers,  where these are known 

t o  occur i n  a s imi l a r - l i t ho log ica l  s e t t i ng .  

The d e t a i l s  of any f i e l d  investigation and the resul t ing s h l a t o r  veri- 

f i c a t i o n  aril1 depend upon the performance of the reservoir and moreover depends 

upon overlap w i t h  other areas considered i n  t h i s  report. 

possible at  t h i s  time t o  give recammendations as spec i f i c  as those given f o r  the 

As a r e s u l t  i t  is not 

other areas. 

However, some general recommendations may be made. Surface,and i f  possible 

subsurface, subsidence should be monitored and the resul t ing data be used f o r  veri-  

f i c a t i o n  and, i f  necessary, modification of the mechanical simulator. 

should be carr ied out f a i r l y  intensively over the short  term, say f o r  1 o r  2 years 

depending upon the period of operation of a p i l o t  f a c i l i t y .  

s i v e  monitoring should subsequently be carried out mer a longer period. 

of t h i s  longer period w i l l  depend upon the measured behavior, but may be expected 

t o  be of t he  order of 5 years. 

Monitoring 

Further, less inten- 

The span 

Finally,  It should be appreciated that some modification of standard surveying 

Suff ic ient  lead time should and deformation monitoring techniques may be required. 

be allowed f o r  t h i s  area t o  allow any development which may p r w e  necessary. 

k d  
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5. Personnel. Scheduling and Cost 

Table 2 gives estimates of the personnel requirements f o r  the operation of 

the  recommended research program, based on a University research system. 

indicates the estimated time required f o r  the completion of various tasks. 

Table 3 

Table 4 summarizes the estimated costs f o r  the recommended work, and is again 

Costs may be expected t o  vary in minor re- based on a University research system. 

spects between different  locations, but s ignif icant  var ia t ions from those given should 

not occur within the University system. 

No d e t a i l s  have been given for  the retrieval of cores since t h i s  f a l l s  in to  

another area of t h i s  report. 

cluded since t h i s  w i l l  be,strongly dependent upon the loca l i ty  and mode of operation 

of a p i l o t  reservoir and a lso  overlaps 

of t h i s  report. 

No d e t a i l s  of f i e l d  subsidence monitoring are in- 

other work considered in different  par ts  
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TABLE 1 

Laboratory Test Programs 

Non-Linear 

Elasto- As elastic As elastic 
plastic 

As linear visco-elastic 

Note: a) All properties are in general functions of direction for 
anisotropic materials. 

b) Visco-elastic deformation parameters are normally relatable 
to elastic by the use of Laplace transformation. 
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Elasto- 
p l a s t i c  

Linear V i s c o -  
elastic 

TABLE 1 

Laboratory T e s t  Programs 

As elastic Compressive As elastic As elastic 
Shear 
Yield 

Depend upon de Compressive As elastic, but functions of 
tails of model, Shear time 
analogues of as functions of 
l i nea r  elastic time at load 

Required Material Pr es 

Non-Linear 
Elastic As f o r  l i nea r  elastic, a l l  or  some w i l l  be functions of stress I 

Non-linear 
Visco-elas t i c  

Depend upon de- 
tai ls  of model, 
analogues of non- 

A s  l i n e a r  visco-elastic 

I l i nea r  elastic I 

Note: a )  A l l  properties are i n  general functions of direct ion f o r  
anisotropic materials. 

b) Visco-elastic deformation parameters are normally r e l a t ab le  
t o  elastic by the  use of Laplace transformation. 
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TABLE 2 

Personnel Requirements 

Simulator Development and Laboratory Testing 

Description Duration 

Principal Investigator 2 yrs. 
Research Engineer 2 yrs. 
Graduate Assistant 2 yrst 
Graduate Assistant 2 yrs. 

Graduate Assistant 2 yrs. 
Technician 2 yrs. 

Technician : (computer) * 2 yrs. . 

Secretary ' 2 

Proportion of Time Responsibility 

118 Project direct ion 
112 Research ,supervision 
112 . Lab. testing and analysis 
112, ' Lab. testing and analysis 

112 S innt la tor development 
and simulator development 

1 Lab. equipment development, 
specimen preparation, lab. 
assistance 

assistance ' 
* 1/10 Report and paper preparation, 

general secretarial duties 

115 Programming and data aquisition 



TABLE 3 

TASK Year 1 Year 2 

1 2  3 4 5 6 7 8 9 10 11 12 1 2  3 4 5 6 7 8 9 10 11 12 

A. Simulator development 
1. Res.  rock model development x x x x 
2. R e s .  compaction code x x x x x x  
3. Perm/compaction r e l a t i o n  x x x x x x  
4. Perm. code x x x x  
5. Contact with f l u i d  flow group x x x x x x x x x x x x x x x x x x x x x x x x 
6. Overburden model development x x x x 
7. a) Overburden behavior code x x x x x x x  x x x x x x x x x  

8. Data scan & assesment x x x x  x x x 
9. Lab. v e r i f i c a t i o n  x x x x  x x x 
10. Contact maintenance x x x x x x x x x  x x x x x x x x x x x x  x x x 

b) Overburden geometry x x x  

B. Laboratory inves t iga t ion  
1. P i l o t  study x x  
2. Primary model development x x x x  
3. Equipment development x x x x x x x x x  

s t a t i c )  & f l u i d  flow x x x x x x  
5. Comp. s t rength  & y ie ld  strength,  x x x x x x  
6. Shear moduli & s t rength  x x x x x x  
7. Creep constants* x x x x x x x x x x x x  x x x 
8. Thermal conductivity & 

9. Data ana lys is  x x x x  x x x x x x x x x x x x  x x x 
10. Contact maintenance x x x x x x x x x  x x x x x x x x x x x x  x x x 

4. Deformation moduli (hydro- 

d i f f u s i v i t y  x x x x x x  

< 
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TABLE 4 

Estimated Cost Analysis 

Simulator Development and Field Investigation 

Item Description Year 1 Cost 

1 1. Salaries,  s ta f f  benefits  

2. Equipment 
and indirect  costs2 

a) Pressure cell, ancil- 
l a r y  equipment, conduc- 
t i v i t y  r i g  

b) Creep rigs3(lO of) 
Computor f a c i l i t i e s  
Major i n s t a l l a t i o n  and 

3. 

data aquis i t ion 
4. Publishing costs  
5 .  Travel 

73 

1 7  
1 25 

700 ~ 

000 
000 

10,000 I E 
I 127,000 TOTAL 

GRAND TOTAL 

Year 2 Cost 

80,200 

13,000 

13 , 000 
800 

1 , 000 

95 , 000 

222,000 

Footnotes 

1. Staff benefi ts  estimated t o  include Federal Social Security, Unemployment 
Compensation Insurance, Workmen's Compensation Insurance, Insurance 
Premium Sharing 

2. Indirect  costs  estimated at 54% of sa la r ies  

3. Creep r i g s  may not be required 
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