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ABSTRACT 

Matrix permeability geothermal formations are subject to damage during 
well drilling and completion. Near well bore permeability impairment 
that may occur as a result of particulate invasion, and chemical in- 
teraction between formation clays, drilling mud filtrates and foha- 
tion brines is investigated. 

Testing of various filtration chemistries on the permeability of East 
Mesa sandstone indicates that permeability is significantly impaired 
by the flow of low salinity formation brines. This damage is attrib- 
uted to cation exchange and removal processes which alter the stabil- 
ity of clay structures. Fluid shearing dislodges particles, wkich 
clog pore throats, irreversibly reducing permeability. 

The test program investigating the effects of mud-transported parti- 
cles on geothermal formations is still in progress. The rationale, 
apparatus and test procedures are described. Final results of this 
testing will be presented at the conference. 
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INTRODUCTION 

"Formation damage" i s  a term used throughout the industry t o  describe negative 
in te rac t ion  between the d r i l l i n g  operation and producing formation resu l t i ng  i n  an 
impaired near wel l  bore permeabil ity. Coincident w i th  t h i s  permeabi l i ty  impairment 
i s  a reduction i n  production. I n  a geothermal we l l  where economic v i a b i l i t y  i s  
predicated upon the production o f  prodigious amounts o f  heated water and/or steam, 
formation damage must be understood, cont ro l led  and minimized. 

The use o f  a i r  as a d r i l l i n g  f l u i d  i s  c l e a r l y  a desirable a l te rna t ive  t o  
minimize formation damage, bu t  i s  not  pract icable i n  a l l  circumstances. Whenever 
d r i l l i n g  muds are introduced i n t o  the borehole i n  an "over balanced" pressure 
s i tuat ion,  mud . invasion and formation damage occur.[l] Hydrothermal wel ls  are 
p a r t i c u l a r l y  sensi t ive t o  t h i s  invasion because o f  the long completion zones, 
complex chemistries and high temperatures. Sol ids plugging, prec ip i ta tes,  matr ix/  
f i l t r a t e  interact ion,  o r  any combination can r e s u l t  i n  serious near we l l  bore 
permeabil i ty impairment. 

Formation damage i s  a complex problem and no unique, d e f i n i t i v e  so lu t ion  
ex is ts  a t  present. Numerous researchers[l,2,3,4] have addressed various aspects of 
t h i s  problem, general ly from the perspective .of o i l /gas production. Solut ions and 
understandings so generated have not  always made successful t rans i t ions  t o  geother- 
mal appl icat ions (e.g., perforat ion,  ac id i ta t ion) .  The program described i n  t h i s  
paper addresses the problem o f  formation damage from the perspective o f  geothermal 
f l u i d  productfon. For t h i s  discussion the mechanisms o f  formation damage are 
div ided i n t o  two major categories: f i l t r a t e  induced damage and pa r t i cu la te  induced 
damage. Testing t o  date has focused upon matr ix permeabi l i ty  dominated reservoirs 
such as East Mesa, bu t  fu ture program plans have been formulated t o  address the 
in te rac t ion  o f  d r i l l i n g  f l u i d s  w i t h  producing fractures. Addi t ional ly,  f i e l d  
experiences have suggested t h a t  operational procedures (e. g. r a t e  o f  backflow, 
surging upon re-entry, etc. ) can impact the magnitude o f  permeabi 1 i ty impai rment, 
bu t  these e f fec ts  are beyond the scope o f  t h i s  discussion. 

This work has been funded under the Geothermal ' D r i l l i n g  and Completion Tech- 
nology Development Program a t  Sandia National Laboratories. 
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FACILITIES DESC- 

bd Test ing f o r  t h i s  program was performed a t  Terra Tek's geothermal t e s t i n g  
f a c i l i t y ,  Figure 1. The high pressure-high temperature t e s t  f a c i l i t y  c a p a b i l i t i e s  
are : 

0 
0 Temperature t o  420aC (8OOaF) 
0 Axia l  load t o  4.5 x 106N ( lo6 lbs) * 

Sample size: 

,With t h i s  f a c i l i t y ,  overburden stress, pore f l u i d  pressure, temperature, and 
pore f lu id  chemistry can be con t ro l l ed  t o  simulate t h e  i n - s i t u  s ta te  o f  the reser- 
vo i r .  A f low system, Figure 2, in ter faces w i t h  the t e s t  machine and provides the 
means t o  c i r c u l a t e  permeating br ines and d r i l l i n g  f l u i d s .  Test parameters such as 
f lu id  volume, d i f f e r e n t i a l  pressure, temperature, etc. are con t inua l l y  monitored by 
d i g i t a l  computer, prov id ing r e a l  t ime data a c q u i s i t i o n  and reduction. The system 
i s  designed to accommodate extended durat ion t e s t i n g  dur ing which a s i n g l e  t e s t  may 
continue f o r  weeks. 

Confining pressure t o  200 MPa (30,000 ps i )  

-5 cm (2") diameter ( t o  42OOC) 
10 cm (4") diameter ( t o  150OC) 

FILTRATE INDUCED DAMAGE 

Background 

I n t e r a c t i o n  between the producing formation (matr ix and pore f l u i d )  and the 
d r i l l i n g  f lu id  f i l t r a t e  (the l i q u i d  f r a c t i o n  o f  the d r i l l i n g  f l u i d )  can r e s u l t  i n  a 
reduct ion o r  an impairment o f  t he  formation permeabi l i ty .  A number o f  f ac to rs  can 
inf luence t h i s  i n t e r a c t i o n  and are discussed i n  the fo l l ow ing  sections. 

S a l i n i t y  Contrast: The equ i l i b r i um pore f l u i d  chemistry i s  a r e s u l t  o f  a 
temperature and pressure dependent i n t e r a c t i o n  o f  wide v a r i e t y  of s o l i d  and 
gaseous solutes. When f i l t r a t e  from the d r i l l i n g  mu displaces the formation pore 
f l u i d  surrounding the wel? bore, a " s a l i n i t y  contrast"  ex i s t s  t h a t  d is turbs the 
clay equ i l i b r i um and i s  p o t e n t i a l l y  detr imental  t o  the p r o d u c t i v i t y  o f  the w e l ? .  
I o n i c  exchange between ths  f i l t r a t e  and the c l a y  minerals can r e s u l t  i n  c l a y  hydra- 
t i o n  accompanied w i t h  c l a y  swell ing. Swollen c lays w i t h i n  the pore throats  w i l l  
s i g n i f i c a n t l y  reduce permeabil i ty. A more serious problem i s  encountered when 
these swol l e n  l ays  become detached frcm the pore wal ls,  disperse w i t h i n  the pore 
f l u i d  and congregate a t  pore t h r o a t  r e s t r i c t i o n s  causing an e f f e c t f v e  blockage o f  
flow. Gray and Rex[5] have demonstrated t h a t  c lay  dispersion and permeabi l i ty  
impairment w i l l  occur ev when only  small percentages of c lay  are present w i t h i n  
the pore space. 

It has been demonstrated by Jones[3] t h a t  
an i o n i c  species known.to reduce c lay  hydrat ion a c t u a l l y  s t a b i l i z e  the forma- 
t i o n  c lays and subsequently minimize permeabil t. The in f luence o f  
elevated temperatures upon t h i s  phenomenon i s  n o t  derstood a t  present. 

Exposure Rate: Research has shown t h a t  permeabi l i ty  blockage due t o  c l a y  
s e n s i t i v i t y  i s  a l so  dependent upon the r a t e  a t  which pore f l u i d  i s  replaced by 
invading f i 1 t r a t e .  [ 31 Rapid exposure t o  f 5 1 t r a t e  resul  t s  i n more permeabi 1 i ty . 

W '  
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reduct ion than slow exposure. Past work i s  l i m f t e d  t o  room temperature; h igh 
temperature response i s  no t  known. The a b i l i t y  t o  reverse these blockage effects 
i s  s i m i l a r l y  not  known. kJ 

p H  Effects: t i d n  c l a y  detachment and dispersion i s  a f fec ted  by the pH of 
the invading f i l  Recent work[4] using scanning e lect ron mtcroscope (SEM) 
techniques has demonstrated t h i s  e f f e c t  on c l a y  p a r t i c l e  disturbances i n  sand- 
stones. Clay m o b i l i t y  w i th in  the pore space was shown t o  increase w i t h  increasing 
invading f l u i d  pH. The i n - s i t u  pH of  many geothermal f l u i d s  ranges from 3.0-5.0 
due t o  the high temperatures and a f t e r  product ion may have a pH o f  10.0-11.0. 

b i o i t a t i o n  Reaction: Geothermal formation f l u i d s  contain p a r t i c u l a r  anions 
and cat ions which, when placed i n  contact w i t h  i o n i c  const i tuents i n  the f i l t r a t e ,  
w i l l  form insolub le prec ip i ta tes.  For example, some formation f l u i d s  i n  the 
Imperial  Val ley contain free barium. Sul fates i n  the d r i l l i n g  f l u i d  makeup water 
o r  chemical addi t ives r e s u l t  i n  an inso lub le p rec ip i t a te ,  barium sul fa te,  being 
formed. [6] 

: An addi t ional  problem encountered i n  geothermal mud systems i s  mud 
proper t ies degradation a t  formation temperatures. This necessitates considerable 
mud maintenance e f f o r t  and the add i t i on  o f  polymers, th inners and corrosion i n h i b i -  
t o r s  t o  maintain the desired rheological  propert ies.  In teract ions o f  these chemi- 
ca l s  w i t h  the formation c lays and formation f l u i d s  a t  the elevated temperatures can 
contr ibute t o  the ove ra l l  permeabi l i ty  reduction. 

A laboratory t e s t  program was designed and performed t o  examine " s a l i n i t y  
contrast"  effects i n  core obtained from East Mesa, KGRA. 

Experimental Program 

An experimental program was designed t o  invest igate permeabi l i ty  a l t e r a t i o n s  
due t o  s a l i n i t y  cont rast  exposure as a func t i on  o f  f i l t r a t e  chemistry and tempera- 
t u r e  i n  an East Mesa sandstone. A l l  permeabi l i ty  measurements were made a t  simula- 
t e d  condi t ions o f  temperature, overburden pressure and pore f l u i d  pressure. 
I n i t i a l  permeabi l i ty  measurements were made w i t h  a synthet ic  pore f l u i d  formulated 
on the basis o f  water chemistry analysis performed by t h e  we l l  s i t e  operator. 
Shown i n  Table 1 i s  the chemical analysis o f  East Mesa br ine.  Test samples were 
then exposed t o  a f i l t r a t e  so lu t i on  s p e c i f i c a l l y  formulated w i t h  an i o n  chemistry 
reac t i ve  w i t h  the formation. Exposure condi t ions were designed t o  model the condi- 
t i o n s  e x i s t i n g  dur ing d r i l l i n g  and completion. Permeabil i ty a f t e r  exposure t o  t h i s  
f i l t r a t e  was a lso determined under i n - s i t u  condi t ions and compared t o  the i n i t i a l  
permeabi l i ty  measurement t o  determine the extent  o f  damage due a f t e r  exposure. 

Samples were exposed t o  the fo l l ow ing  constant simulated i n - s i t u  condit ions: 

Overburden Pressure: 
Pore F l u i d  Pressure: 

Four d i f f e r e n t  f i l t r a t e  b r i ne  so lut ions 3% KC1, 3% CaCl,, 3% NaC1, and deion- 
i z e d  water were tested a t  temperatures which ranged from 23O t o  25OoC (reservo i r  
temperature e150°C) t o  determine i f  there was a temperature dependence. The s ign i -  
f icance o f  pH, p r e c i p i t a t i o n  reactions, and mud addi t ives i s  not  present ly  addres- 
sed, b u t  w i l l  be evaluated i n  fu tu re  work. 

34.5 MPa (5000 p s i )  
14.9 MPa (2165 p s i )  

*.s- 

'td 
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Material DescriDtion: The bandstone core samples used i n  t h i s  tes t ing  are 
,from the 5500 foo t  zone o f  Republic Geothermal Well 78-30RD, located i n  the  East 

esa KGRA, Imperial Valley, Cal i forn ia  (Figure 3). The reservoir  i s  a matr ix 
q o m i n a t e d  resource and the sandstones which comprise t h i s  production in te rva l  are 

l i t h i c  arenites o f  very f i n e  t o  medium gra in size, generally w e l l  sorted and COm- 
posed o f  d e t r i t a l  quartz, feldspar and a var ie ty  o f  l i t h i c  clasts. Calc i te  $5  a 
common d e t r i t a l  component as w e l l  as a cementing agent; quartz cement occurs i n  
minor quanti t ies. Total phy l l os i l i ca te  contents range from 1-15 weight percent, 
w i th  most o f  t h i s  being i l l i t e  and ch lor i te .  Analyses o f  the c lay f ract ions under 
2 microns i n  s ize reveals tha t  expandable c lay i s  present inter layered w i th  i l l i t e  
(and possibly ch lo r i te )  ; the abundance i s suf f i c i  en t ly  1 ow, however, t ha t  expand- 
able c lay was not read i l y  detected i n  the bulk rock analyses.[7] 

permeabil i t ies i n  the 5500 foo t  sect i  of between .05 md t o  20 md 
have been measured w i th  poros i t ies ranging from 14 t o  25%. This section i s  char- 
acterized as moderately productive w i th  primary production s l i g h t l y  above and below 
t h i s  in terva l .  Mineralogical ly t h i s  in te rva l  d i f f e r s  from the other production 
zones by poorer sor t ing and a s l i g h t l y  higher mixed layer c lay .percentage. A 
mineralogical and physical propert ies analysis based on counting 400 points i n  each 
t h i n  section i s  contained i n  Table 2. 

Results - 
Figures 4 and 5 demonstrate the permeabil i ty response o f  exposure t o  f i l t r a t e  

solut ions o f  calcium chlor ide and sodium chloride, and are s imi la r  t o  tes ts  a t  
other temperatures and w i th  other f i l t r a t e  solut ions (potassium chlor ide and deion- 
ized water). The most s ign i f i can t  common feature o f  the 16 tests  i n  t h i s  series i s  
the substantial decrease i n  permeabil i ty dur ing the i n i t i a l  f low o f  synthetic East 
Mesa brine. Permeabil ity decreases o f  t o  80 percent were experienced during the 
East Mesa br ine sectfons o f  each test .  

Sens i t i v i t y  t o  low s a l i n i t y  (2000 ppm) brines was not o r i g i n a l l y  envisioned i n  
t h i s  formation, since. it contained very small amounts o f  swell ing montmoril lonite 
clays. It was suspected tha t  a system induced er ro r  was responsible f o r  the 
decrease i n  permeability. To f i n d  the source o f  any such er ro r  extensive checks o f  
the en t i re  flow system were  made. Filtering systems were examined f o r  possible 
a r t i f i c i a l l y  induced par t ic les;  operating procedures were care fu l l y  scrut inized. 
But fur ther  permeabil i ty tests  of t h i s  mater ia l  on other systems, and t e s t s  o f  t h i s  
systems' a b i l i t y  t o  confirm permeabil i ty measurements mad sewhere, e l  $ m i  nated 
suspicions o f  systematic error. 

To t e s t  the other possible exp.1 nation for  ' e m e a b i l i t y  impairment (formation 
sens i t i v i t y  t o  formation brines) a t e s t  was devi ed i n  which a 3 percent potassium 
chlor ide so lut ion was flowe hrough a t e s t  samp e for  a per iod of 26 hours, fo l -  
lowed by a flow o f  East Me r i n e  (see Figure ,) tha t  the introduct ion of 

t over the course o f  10 the simulated pore f l u i d  resul ted i n  a severe 

The reduction i n  
" s a l i n i t y  
higher sa l i n i t y .  
Jones (1964). ) But t h i s  phenomenon decrease 
during tes ts  only using East Mesa brine. 
i n  fur ther  tests  t o  be a p a r t i c l e  by the p a r t i a l  
r -s torat ion o f  permeabil i ty 

! 
(This e f fec t  has b 

8.) 
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It i s  suspected tha t  the damage mechanism i s  a l t e ra t i on  o f  the c lay  s t ructure 
by i on i c  exchange o r  depletion. The c lay  structure,  once altered, i s  very f rag i l f  
and i s  eas i l y  damaged by the shear forces o f  f l u i d  flow. 
s imi la r  p a r t i c l e  migrat ion e f fec ts  which they a t t r i bu ted  t o  changes i n  the double 
layer  thickness o f  layered clays; t h i s  weakens the s t ructure through loca l i zed  
bending moments a t  the'edges o f  c lay  par t i c les .  Though the clays most mobile i n  
t h e i r  studies were kao l i n i t e  and s l i g h t l y  mixed layer  micas, vermicul i tes and very 
c h l o r i t i c  mix layer clays also exhibi ted mobi l i ty .  (Note the presence o f  i l l i t e s  
and ch lo r i t es  i n  the analysis o f  East Mesa Sandstone i n  Table 2.)  

Gray and Rex[S] n o t e w  

Addit ional evidence o f  c lay  i on  subs t i tu t ion  i s  shown i n  Figure 7. Eff luent 
samples taken during a long-term permeabi l i ty  t e s t  w i t h  East Mesa br ine show t h a t  
substant ia l  quant i t ies  o f  potassium are being removed during ea r l y  port ions o f  the 
test .  It i s  possible t h a t  some sodium-potassium exchange i s  tak ing place (as ob- 
served by Reed (1976)[8]) which would contr ibute t o  altered, less water stable c lay  
structures. I n  any case, the abundance of potassium removed i s  evidence of a pro- 
gressive a l te ra t i on  of mineralogical structure. Figure 7 also shows evidence of 
carbonate ext ract ion coincident w i th  decrease i n  permeabil ity. This phenomenon was 
also observed by Reed (1976)[8) who concluded t h a t  removal o f  the carbonate cement- 
i ng  would f ree pa r t i c l es  t o  migrate. It i s  probable t h a t  t h i s  mechanism cont r i -  
butes i n t e r s t i t i a l  f ines  which ac t  w i th  c lay  pa r t i c l es  t o  c log  pore throats. 

Conclusions 

Pore f l u i d  e f fec ts  i n  a matr ix permeabi l i ty  resource can impact formation 
Test resu l ts  on core samples from East Mesa KGRA produc t iv i t y  qu i te  s ign i f i can t ly .  

ind icate the fo l lowing conclusions: 

1. The permeabil i ty o f  East Mesa sandstone i s  s i g n i f i c a n t l y  a f fected by the 
f low o f  the synthet ic b r ine  o f  approximately 2000 ppm, TDS. Permeabil ity 
reductions of up t o  75% are common. 

2. Pore f l u i d  a l t e ra t i on  o f  formation clays t o  a s t ruc tu ra l l y  expanded and 
weakened frayed edge condi t ion allows the ve loc i t y  (and shearing ef fects)  
o f  pore f l u i d  f low (as would occur during production) t o  col lapse the 
f r a g i l e  c lay structure. The clays disperse w i t h i n  the pore f l u i d  and 
create obstructions a t  pore throats  reducing permeability. 

3. Carbonate d isso lut ion (apparent i n  chemical analysis o f  e f f luents)  may 
-.allow the release o f  previously cemented i n t e r s t i t i a l  f ines. These f ines  
can be transported by the pore f l u i d  contr ibut ing t o  pore th toa t  block- 
age. 

4. Once the formation matr ix has been damaged by exposure t o  a low s a l i n i t y  
brine, subsequent treatments w i th  high s a l i n i t y  f i l t r a t e s  produce l i t t l e  
o r  no e f f e c t  upon permeabil ity. 

The resu l ts  from tes t i ng  ind icate permeabi 1 i t y  can be severely, i r reve rs ib l y  
impaired. Since t h i s  process i s  dependent upon the clays present w i th in  the pore 
space, the equi l ibr ium pore f l u i d ,  and possibly ve loc i ty ,  it i s  d i f f i c u l t  t o  extra- 
polate t h i s  behavior, but  s im i la r  behavior Seems l i k e l y  i n  other low s a l i n i t y ,  
matr ix dominated sandstone geothermal reservoirs. 

L.1 
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PARTICLE INDUCED DAMAGF 

yBac kground 

P a r t i c l e  Size: During the in te rna l  f i l t e r  cake generation, both mud so l ids  
and mud f i l t r a t e  enter the formation. Clay so l ids and d r i l l  cut t ings t h a t  are 
smaller than the pore openings w i l l  be deposited w i t h i n  the formation. As these 
pa r t i c l es  accumulate, successively smaller pa r t i c l es  are " f i l t e r e d "  out. Even- 
t u a l l y  an in te rna l  f i l t e r  cake i s  formed and grea t ly  reduces fu r ther  mud penetra- 
t i o n  i n t o  the formation. F i l t r a tes ,  although inh ib i ted ,  can migrate through t h i s  
"cake'' and t h i s  const i tutes the f l u i d  loss t o  the formation. The complete process 
can be cont ro l led  t o  a ce r ta in  extent by designing the mud t o  include s p e c i f i c a l l y  
sized par t i c les ,  termed br idg ing par t i c les .  

Abrahms[l] has shown t h a t  I n  t yp i ca l  petroleum wells, the effect iveness o f  the 
br idg ing mater ia l  i n  reducing p a r t i c l e  invasion i s  a function o f  the concentrat ion 
and p a r t i c l e  s ize o f  the mater ia l  and o f  the pore sizes o f  the formation rock. It 
also has been demonstrated t h a t  backflushing w i l l  remove very l i t t l e  O f  the pa r t i c -  
u la te  matter deposited during t h i s  cake formation. I n  a geothermal s i t ua t i on  where 
increased temperature w i l l  cause gelat ion o f  the clays, the removal o f  t h i s  i n t e r -  
nal  f i l t e r  cake i s  much more d i f f i c u l t .  

p a r t i c l e  Size Dis t r ibut ion:  Abrahmsrl] has demonstrated the s ign i f icance and 
re la t ionsh ip  o f  p a r t i c l e  s ize t o  the br idg ing process. It i s  important t o  under- 
stand the e f f e c t  o f  "bridging" p a r t i c l e  s ize d i s t r i bu t i ons  w i th in  the d r i l l i n g  
f lu id .  Total  pa r t i cu la te  d i s t r i b u t i o n  w i t h i n  the d r i l l i n g  f l u i d  w i l l  change as the 
mud i s  "broken in", as d i f f e r e n t  formations are penetrated, and as some p a r t i c l e s  
are screened out by so l ids removal equipment. S ign i f i can t  var ia t ions o f  c r i t i c a l  
"bridging" sized pa r t i cu la te  may requfre the add3 t i o n  o f  i n e r t  pa r t i cu la te  t o  
maintain adequate numbers o f  pa r t i c l es  i n  these ranges. 

Pa r t i c l e  Shape: Because the br idg ing phenomenon i s  no t  wel l  understood, i t  i s  
d i f f i c u l t  t o  speculate upon the r e l a t i v e  e f fec ts  o f  p a r t i c l e  shape. Natural par- 
t i c l e s ,  having undergone numerous shearing and gr ind ing operations, are general ly 
very ragged and sharp. When br idg ing occurs, pa r t i c l es  are wedged and forced i n t o  
pore throats by the d i f f e r e n t i a l  pressure. It i s  conceivable t h a t  spherical o r  
oblate br idg ing mater ia ls of s im i l a r  s i z e  might bridge as wel l  bu t  not  wedge o r  be 
entrapped. When backflow occurs, these pa r t i c l es  w i  11 "unlock" and c lear  the 
th roa t  obstruction. 

A series o f  laboratory tes ts  i s  underway t o  fu r ther  def ine these influences. 

Mater i a1 

The sandstone being tested 4s very f i n e  t o  f i n e  grained and f a i r l y  we l l  sorted 
w i t h  rounded o subangular grains o f  quartz cemented w i t h  ca lc i te .  This core meets 
the c r i t e r i a  f o r  se lect ion which required a "clean" homogenous, we1 l -sor ted sand- 
stone w i th  15% t o  25% poros i ty  and t race quant i t ies  o f  expandable clays. 

Fxperimental Procedure 

Work i n  progress a t  Terra Tek i s  invest igat ing the r o l e  o f  p a r t i c l e  size, 
shape and concentrations i n  geothermal formation damage. Par t i c les  o f  aluminum 

W 
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l a ted  i n - s i t u  geothermal condit ions o f  temperature and pressure. 
oxide suspended i n  d r i l l i n g  mud are brought i n  contact w i t h  rock samples a t  sim 

work has used calcium carbonate part ic les, [9]  bu t  aluminum oxide was chosen due t o  
a v a i l a b i l i t y  o f  uniform, durable, chemically iner t ,  h igh-pur i ty par t i c les  i n  the 
sizes of interest .  Since the average pore s ize o f  the sandstone i s  approximately 
20 microns, tests  i n  progress employ 5, 20, and 50 micron par t ic les,  both i n  s ing le 
s ize and mul t ip le  s ize range tests. (Each s ize stated i s  the mean o f  a normal 
d is t r ibut ion. )  The t e s t  matr ix i s  shown i n  Table 3. The aluminum oxide pa r t i c l es  
are general ly blocky-cubic, and the quant i t ies  present attempt t o  simulate d r i l l i n g  
conditions. Future tes ts  could vary the shapes and concentrations o f  par t ic les.  

Test Configuration 

Some previou v 

A s impl i f ied  f low schematic o f  the t e s t  system i s  shown i n  Figure 8. The t e s t  
sample i s  located immediately above a stainless steel  cav i ty  designated as the "mud 
chamber". This chamber and the lower face of the t e s t  sample create an in ter face 
simulat ing the wellbore annulus and the formation. Contents of t h i s  chamber can be 
dynamically agi tated by a motor dr iven s t i r r e r .  

The t e s t  sample i s  jacketed using layers o f  heat shr ink t e f l o n  tube and s i l i -  
cone rubber (RTV). This prevents f low along the sides and iso la tes the in te rna l  
pore f l u i d  from the conf in ing f l u id .  

The sample i s  placed w i th in  the pressure vessel as shown i n  Figure 9. Heating 
t o  t e s t  temperature is accomplished by an in te rna l  heater w i t h  ceramic shrouds t o  
control  heat loss. The sample i s  f u l l y  instrumented t o  provide relevant tempera- 
tu re  data. Flow l i nes  are attached t o  the sample and are interfaced w i th  the "mud 
c i r c u l a t i o n  cart".  Within t h i s  f low c a r t  are the pore f l u i d  accumulators which are 
used t o  generate pore pressure. P i  ston displacement w i  t h i  n these accumulators s 
monitored e lec t ron ica l l y  t o  within 0.1 percent providing a continuous record o f  
f l u i d  movement w i th in  the system. Pressure i s  generated by using a high pressure 
ni t rogen system designed t o  provide stable long-term pressures. 

I n1  t i a l  Permeabi 1 i ty 

Following the appl icat ion o f  conf in ing pressure and pore pressure, the sample 
temperature i s  increased a t  a ra te  o f  approximately O.S°C/min. t o  the desired t e s t  
temperature. The system i s  allowed t o  s t a b i l i z e  f o r  a per iod o f  approximately 1-2 
hours. Brine f low i s  then i n i t i a t e d  across the sample i n  the d i rec t ion  o f  backflow 
( top o f  sample t o  "mud chamber") by a constant pressure technique. Gas pressure, 
held constant by precis ion regulators and large reservoirs w i th in  the f low cart ,  i s  
used t o  d r ive  the upstream accumulator a t  a s l i g h t l y  higher pressure (.07 MPa) than 
the downstream accumulator, creat ing a pressure d i f f e r e n t i a l  through the sample. 
Control methods f o r  the downstream accumu*lator are s imi lar .  Volume change recorded 
against a t i m e  base i s  used t o  determine the f low ra te  through the sample. Flow i s  
allowed t o  continue f o r  a minimum o f  two hours o r  u n t i l  steady-state f low i s  
achieved. Permeabil ity i s  calculated from sample dimensions, f l u i d  f low rates, and 
d i f f e r e n t i a l  pressure across the sample, w i th  necessary corrections f o r  elevated 
temperatures. 
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Drillinq Fluid Filtration 

Following the initial permeability measurement; pore pressure is equalized 
rough the sample and the pore fluid occupying the "mud chamber" is slowly dis- 

placed by the particle-laden drilling fluid. Several "chamber volumes" of drilling 
fluid are flowed through the "mud chamber" to ensure that all pore fluid has been 
displaced. 

A pressure differential is then established across the test sample with the 
drilling fluid pressurized approximately 1.4 'MPa (200 psi) above the pore fluid 
pressure which. is maintained at 14.9 MPa (2165 psi). This pressure differential 
and flow is opposite in direction to the permeability measurement and simulates the 
loss of drilling fluid from the wellbore annulus to the formation when a hydro- 
static overbalance conditions exists. To simulate downhole circulation and to 
prevent particle settling, the drilling fluid is dynamically agitated by a motor 
driven stirrer located in the "mud chamber". Drilling fluid is slowly exchanged 
through the chamber during this "dynamic" period, allowing generation of a dynam- 
ically stable equilibrium filter cake. This dynamic filtration is continued until 
"steady-state" filtrate loss through the sample is experienced. The duration of 
this filtration varies depending on the permeability of the rock, the test tempera- 
ture and the drilling fluid being used, but in general lasts about two hours. At 
this point the dynamic agitation and drilling fluid circulation cease, but the 
differential pressure is maintained, This stagnation or static filtration phase 
lasts approximately six hours. The confining pressure, pore fluid pressure and 
temperature are kept stabilized at specified levels. Rate of filtrate flow is 
monitored and recorded for the duration of static filtration. 

Final Permeability 2 

Stagnation or static filtration is terminated by equalizing the pore pressures 
on both ends of the test sample. Drilling fluid 4s then displaced from the "mud 
chamber" by pore fluid. No attempt is made to remove the filter cake formed upon 
the face of the sample either by mechanical or chemical means. Backflow is then 
initiated in the opposite direction of mud penetration in the same manner that the 
original permeability was conducted. Flow is maintained for approximately two 
hours, during which time the pressure differential across the sample i s  maintained 
at a constant .07 MPa (10 psi). Flow data recorded during this period is used to 
calculate the final permeability which is compared to the virgin value. 

Results 

. The testing program 5s still in progress. Results of the testing to date 
indicate that bridging is occurring (as evidenced by a gradual restoration of 
backflow permeability after formation damage), but the limited number of tests 
performed to date is not sufficient to yield exact relationships between pore size 
and bridging particle size necessary to prevent severe damage. Final results of 
this testing will be presented at the conference. 

SUMMARY - 
Formation damage occurs as a result o f  a complex interaction of the drilling 

fluid (chemical, filtrate and particulate) with the reservoir fluid and formation. 
A basic understanding of these interactions and their magnitude is prerequisite to 
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quant i fy ing the extent  o f  damage occurr ing dur ing d r i  1 1 i ng and completion opera- 
t i o n s  and t o  the development o f  methods t o  minimize the seve r i t y  o f  production 
impairment. Previous work i n  t h i s  area has been conducted from the perspective 0' 

oi l /gas production and has l e d  t o  the development o f  so lu t ions somewhat unique tb' 
t h a t  industry, e.g. o i l '  based d r i l l i n g  f l u i d s ,  etc. Solut ions and procedures 
compatible w i t h  high temperature formations, complex chemistr ies and large water 
production volumes are required t o  e l iminate o r  minimize t h i s  i n h i b i t i o n  t o  geo- 
thermal development. 

Permeabil i ty impairment due t o  the chemical i n t e r a c t i o n  o f  d r i l l i n g  f l u i d  w i t h  
the producing formation i s  a phenomena uniquely associated w i t h  a matr ix  perme- 
a b i l i t y  reservoir .  Because of the dependence o f  t h i s  i n t e r a c t i o n  upon i n t e r s t i t i a l  
c l a y  content, the response of the formation w i l l  be s i t e  speci f ic .  Test r e s u l t s  on 
the East Mesa sandstone ind i ca te  an a l t e r a t i o n  o f  i n t e r s t i t i a l  c l ay  by contact w i t h  
a low s a l i n i t y  b r i n e  and subsequent migrat ion o f  f i nes  r e s u l t i n g  i n  s i g n i f i c a n t  
pore t h r o a t  blockage. The r e s u l t s  of t h i s  t e s t i n g  i nd i ca te  permeabi l i ty  can be 
severely and i r r e v e r s i b l y  impaired by t h i s  mechanism. The mater ia l  from t h i s  zone 
contained only small amounts of c l a y  materials. Further, i t  was hypothesized t h a t  
whatever i n t e r s t i t i a l  c l a y  was present would be low i n  s e n s i t i v i t y  because of 
having been hydrothermally altered. Clear ly  t h i s  i s  no t  the case. Because of the 
s i t e  s p e c i f i c  nature of t h i s  response, i t  i s  no t  possible t o  extrapolate t h i s  
behavior even t o  other zones w i t h i n  the same wel l .  It does, however, c l e a r l y  
i d e n t i f y  a major mechanism o f  formation damage i n  geothermal wells. Additional 
studies w i l l  be required t o  address the inf luence o f  pH var ia t ion,  exposure rate,  
addi t ives and p r e c i p i t a t i o n  reaction. 

P a r t i c l e  induced damage has been demonstrated t o  be a major mechanism o f  
formation damage i n  o i l /gas appl icat ions,  and it i s  most probable t h a t  i t  w i l l  p l a y  
as important a r o l e  i n  geothermal formation damage. The i n i t i a l  e f f o r t s  o f  the 
p a r t i c l e  damage experimentation described i n  t h i s  paper are d i rected toward ma t r i x  
permeabi l i ty  mater ia l  (generic). P a r t i c u l a r  emphasis i s  being given t o  the s i ze  
re la t ionships among the b r idg ing  p a r t i c l e s  and t o  the d r i l l i n g  f l u i d  t ranspor t ing 
the pa r t i c l es .  The d r i l l i n g  f lu id  hold ing the p a r t i c u l a t e  within the pore space i s  
a key element t o  the r e v e r s i b i l i t y  o f  the process. Testing i s  cu r ren t l y  underway 
and the r e s u l t s  w i l l  be presented a t  the conference. 
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Table 1: East Mesa Brine Analysis 

HC03- 778.1 ppm 

Na + 626.0 

Ca++ 9.0 

c1- 366.7 

Si02- 181.3 

K+ 30.0 
2.0 

F- 4.0 

so4- 164.6 

TDS 2163 

B+ 

- 

Courtesy: Don Michaels, Republic Geothermal 

Table 2: East Mesa Minerological & Physical Properties 

MEAN 
Sample GRAIN MEASURED 
Depth WAR PLAG ALKA MICA ILL1 I F l I X  CHLO CALC S I Z E  POROSITY 

(m) ( V O l  52) 

5505 63.4 6.0 11.5 - 
5506 75.8 5.4 10.4 - 
5515 76.9 8.8 10.7 - 
5522 70.2 8.2 12.4 - 
5528 75.5 5.9 9.2 - 
5531 71.0 8.1 8.6 - 
5560 60.4 7.8 15.3 - 

Table 3: Par 

Test Temperature (OC) 

23 

175 

275 

5.4 4.9 4.4 4.3 .12 15 - - 2.7 5.8 -09 14 - - 1.2 3.5 .20 17 
3.7 - 3.0 2.5 -13 18 
3.8 - 3.1 2.6 -13 23 
4.0 - 5.5 2.7 -15 20 
5.8 7.1 2.1 1.5 .09 -- 

icle Damage Test Program 

. 

Ld 
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Figure 1: Terra Tek Geothermal Test Facility 

Figure 2.: Permeability Fluid Flow System 
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MEXICO 

Figure 3. KGRA o f  Imperi a1 Valley, California. 
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I Figure 8 Simpli f ied flow schematic. 
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Figure 9 Formation damage vessel components. 
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