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ABSTRACT 

For t h e  successful and safe operat ion o f  a 
geothermal we1 1, casing and cement condi t ions must 
be accurate ly  determined. Cement bond l o g s  are 
needed t o  detect  channels o r  water pockets i n  the  
cement between the  p ipe and the  formation and t o  
determine the cond i t ion  o f  the cement bond t o  the 
p ipe  and t o  t h e  formation. Inst rumentat ion f o r  
making such measurements i s  l i m i t e d  by t h e  tempera- 
t u r e  c a p a b i l i t i e s  (<175"C) o f  e x i s t i n g  l o g g i n g  
equipment which was developed f o r  the  o i l  and gas 
indust ry .  This paper reviews an acoustic system o f  
t h e  type t h a t  i s  needed f o r  geothermal cementing 
i nspection, iden t  i f ies  t h e  p r i n c i p l e  d e f i c i e n c i e s  
i n  i t s  h igh temperature use, and describes Sandia's 
R&D p r o j e c t  f o r  developing high temperature acous- 
t i c  cement bond logging diagnostics. 

INTRODUCTION 

Downhole condi t ions very o f ten  cause casing 
and cementing problems i n  geothermal wel ls .  For 
example, cement may be washed out o r  d isso lved by 
water i n  a crossflow, o r  the cement may be d i s -  
placed i n  a l o s t  c i rcu l 'a t ion  zone. I n  e i t h e r  case, 
t h e  p ipe  could co l lapse due t o  lack o f  support from 
t h e  cement and formation. Moreover, the  p ipe could 
co l lapse ca tas t roph ica l l y  due t o  r a p i d  heat ing o f  
entrapped water when the  geothermal wel l  i s  f lowed 
f o r  t h e  f i r s t  time. A cement inspect ion t o o l  i s  
essent ia l  f o r  the  successful operation o f  a geo- 
thermal we1 1 . 

An acoustic cement bond logging (CBL) t o o l  i s  
t h e  most v e r s a t i l e  and widely  used t o o l  i n  t h e  
f i e l d  f o r  cement inspection. This t o o l  i s  used t o  
determine the  q u a l i t y  and extent of the  phys ica l  
bond between the casing pipe and the  surrounding 
cement sheath, and between the  cement and forma- 
t i o n .  The l o g  measures the  amplitude of acoust ic  
s i g n a l s  r e f l e c t e d  from t h e  casing p ipe  and t h e  
amp1 i t u d e  of l a t e r  a r r i v a l s  which are i n d i c a t i v e  o f  
t h e  bonding o f  the  cement t o  the formation. 

Because o f  t h e  tempera ture  l i m i t a t i o n s  o f  
p resent ly  a v a i l  able commercial too ls ,  we1 1 s usual l y  
have been cooled down p r i o r  t o  logging. When the  
temperature o f  a w e l l  i s  reduced, the  s t e e l  pipe 
cont rac ts  more than the  cement sheath, and thus 
leaves a "micro-annulus" between t h e  pipe and the 
cement. Although t h i s  space i s  small, i t  w i l l  

dest roy t h e  apparent bond reg is tered by t h e  CBL. 
According t o  Knutson and Boardman (1978), many 
f i e l d  operators consider commercial CBL l o g s  from 
geothermal we l ls  t o  be o f  doubt fu l  v a l i d i t y  because 
t h e  logs u s u a l l y  do no t  show a bond between cement 
and casing. 

An accurate CBL l o g  can be obtained i n  a h igh 
temperature we l l  on ly  i f  the t o o l  i s  r u n  a t  the  
we1 1 temperature. The temperatures o f  geothermal 
we l ls  are t y p i c a l l y  above 200°C: i t  i s  Sandia's 
o b j e c t i v e  t o  develop a cement inspect ion instrument 
f o r  operat ion up t o  275°C. This instrument should 
a lso  prove useful i n  logging steam i n j e c t i o n  wells, 
as w e l l  as ho t  o i l  and gas wells. 

PRINCIPLES OF OPERATION 

F igure  1 i l l u s t r a t e s  the cement bond sonde and 
t h e  r e l a t e d  signal paths. For cas ing which i s  
suspended f r e e l y  i n  a w e l l  w i th  no cement between 
the  cas ing and formation there i s  l i t t l e  acoustic 
energy t ransmi t ted  beyond the casing wa l l  and the 
s igna l  s t rength  seen by t h e  receiver  w i l l  be high. 
However, when hardened cement i s  bonded t o  the 

 CAS ING~FORFIATION~ 
TJME I N  MICROSECONDS 

CASING SIGNAL HAS HIGH AMPLII~OE 
I N  UNCEMENTEO SECTION. FORMATION 
SIGNAL I S  VERY LOW. 

MEDIUM AMPLITUOE CASING SIGNAL 
SHOWS POOR BONO TO PIPE 

LOW AMPLITUOE CASING AN0 FORMA- 
TION SIGNALS SHOW GOOD BONO TO 
PIPE AND NO BONO TO FORMATION 

CASING SIGNAL I S  LOW SHOWING GOOD 
BOND TO CEMENT. FORMATION SIGNAL 
HAS HIGH AMPLITUOE SHOWING GOOD 
BONO BETWEEN CEMENT AND FORMATION. 

Figure 1. Cement bond sonde and acoust ic  s ignals .  
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casing, the amplitude o f  t h e  s ignal  t ransmi t ted  
a l o n g  t h e  c a s i n g  w i l l  be d r a s t i c a l l y  reduced. 
Laboratory inves t iga t ions  have shown t h a t  there  i s  
a r e l a t i o n s h i p  between t h e  s t rength o f  t h e  echo 
s ignal  and t h e  degree o f  cement bonding (Grosmangin 
et .  a1 , 1961). The acoust ic  v e l o c i t y  i n  a s tee l  
p ipe  i s  17,544 f e e t  per second ( o r  i n t e r v a l  t r a n s i t  
t ime of 57 Ds/ f t )  wh i le  t h e  v e l o c i t i e s  i n  cement 
and i n  the format ion are lower. It can be deter- 
mined from the  a r r i v a l  t imes o f  t h e  various s igna ls  
whether they are coming from t h e  p ipe o r  elsewhere. 

The casing and i t s  surrounding cement are 
r e l a t i v e l y  transparent t o  acoust ic  s ignals  i f  t h e  
cement bondings t o  both the  p ipe and the format'ion 
are good. A l a r g e  formation s ignal  w i l l  a r r i v e  a t  
t h e  receiver  i n s i d e  the  cased ho le  a t  a t ime d i f -  
ferent  from the  f i r s t  a r r i v a l  o f  the  casing s ignal  
due t o  the  d i f f e r e n t  acoust ic  v e l o c i t i e s  i n  t h e  
p ipe and i n  the  formation. On t h e  other  hand, i f  
t h e  bonding i s  poor, i.e., i f  a space e x i s t s  be- 
tween the p ipe and t h e  cement, o r  between t h e  
cement and the formation, l i t t l e  formation s ignal  
w i l l  be observed. This  i s  because o f  t h e  low 
transmission coef f i c ien t  across a boundary a t  which 
the  acoustic impedance mismatch i s  large (e.g., a i r  
t o  s tee l  pipe and a i r  t o  formation are examples o f  
boundaries e x h i b i t i n g  l a r g e  impedance mismatches) . 
The amplitudes and a r r i v a l  t imes o f  the acoust ic  
echoes can thus be used t o  determine the degree o f  
cement bond i ng . 

It i s  customary t o  use the  amplitude o f  the  
r e f l e c t e d  casing s ignal  i n  a f r e e  pipe as a r e f e r -  
ence f o r  evaluat ing other  s igna ls  t o  determine the  
percentage o f  bonding. The "Variable I n t e n s i t y  
Log", commonly abbreviated t o  VIL, i s  a continuous 
d i s p l a y  o f  t h e  acoust ic  s ignal  i n  the form o f  a 
v a r i a t i o n  o f  l i g h t  i n t e n s i t y .  These displays, 
shown i n  Figure 2, produce c h a r a c t e r i s t i c  pa t te rns  
--"Acoustic S ignatures"- - for  various degrees o f  
cement bonding between the  casing and formation. 

ox AMPLITUDE 100% 
100% BOND 0% 

MEDIU,M AMPLITUDE 

(POOR BOND) 
CASING SIGNAL - 

STRONG CASING 
SIGNAL 
(ALMOST FREE PIPE)- 

VARIABLE DENSITY LOG 
TIME, us - 

STRONG FORMATION, 

Figure 2. Acoustic cement bond log. 

SANDIA'S R&D PROGRAM 

F igure  3 shows a c i r c u i t  capable o f  generating 
h igh c u r r e n t  pulses for an acoustic t r a n s m i t t e r  a t  
room temperature. I n  t h i s  c i r c u i t ,  t h e  capaci tor  
C suppl ies energy through the SCR (Semiconductor 
Cdnt ro l led  R e c t i f i e r )  t o  the acoustic t ransmi t te r .  
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Figure 3. Cement bond t ransmi t te r  schematic. 

A f t e r  the  SCR i s  f i r e d ,  L boosts t h e  i n p u t  vo l tage 
t o  a much higher value across C1, recharging it. 
L and C prevent the  r i p p l e s  from feeding back t o  
tGe input .  To prov ide a reference f o r  t h e  received 
s ignal ,  the capaci tor  C4 provides a h i g h  frequency 
pa th  back t o  the  input  l i n e  f o r  de tec t ion  o f  the  
pulse produced when the SCR conducts. RL,. R2  and 
C5 l i m i t  the imposed voltage on t h e  u n i j u n c t i o n  
t r a n s i s t o r  which w i l l  not be t r iggered u n t i l  t h e  
capaci tor  C3 i s  s u f f i c i e n t l y  charged. Thus, t h e  
R C t ime constant w i l l  determine t h e  f i r i n g  f r e -  
qzedcy of the SCR. Transformer T sharpens and 
boosts the  amplitude o f  the t r i g g e r  pu lse t o  t h e  
SCR. I n  t h i s  f igure, component values have not  
been speci f i  ed because they would be d i  f f e r e n t  fo r  
d i f f e r e n t  a c o u s t i c  t ransducers  and tempera ture  
ranges. This i s  a fundamental t r a n s m i t t e r  schemat- 
i c  i n  commercial acoustic CBL too ls .  Some commer- 
c i a l  t o o l s  may conta in  more complex e l e c t r o n i c  
swi tch ing c i r c u i t s  i n  order t o  run t h e  CBL i n  con- 
j u n c t i o n  w i t h  other  logging too ls .  The basic sche- 
matic i s ,  however, q u i t e  s i m i l a r .  Some t o o l s  use 
b i p o l a r  t r a n s i s t o r s  t o  generate t h e  t r i g g e r  s ig -  
nal s. 

Comnerical SCRs , uni  j u n c t i o n  t r a n s i s t o r s  and 
b i p o l a r  t r a n s i s t o r s  are a l l  ra ted below 1 7 5 O C .  A t  
h igher  temperatures, they a l l  conduct h i g h  leakage 
cur ren ts  and thus lose t h e i r  t r a n s i s t o r  character- 
i s t i c s .  Most comerc ia1  inductors, capaci tors  and 
r e s i s t o r s  are a lso ra ted  for low temperature opera- 
t i o n ,  a1 though some h igh temperature technologies 
do e x i s t .  The smallness o f  the market, however, 
precludes the  h igh temperature components from mas- 
s i v e  production. 
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Through a careful se lec t ion  procedure, one may 
f ind  a t r a n s i s t o r  t h a t  has a higher operat ing tem- 
perature than the others. I n  addi t ion,  a negative 
vo l tage a t  the t r i g g e r  terminal  o f  an SCR before 
f i r i n g  can increase i t s  operat ing temperature by as 
much as 25°C. Nevertheless, the  maximum operat ing 
temperature of a design based on t h e  best ava i lab le  
components i s  s t i l l  l i m i t e d  t o  200"C, we l l  below 
t h e  275°C geothermal temperature. 

I n  order  t o  design a 275°C c i r c u i t ,  a p r o j e c t  
has been i n i t i a t e d  a t  Sandia t o  develop a long 
operat ional  l i f e  Sprytron switch-tube (Boettcher, 
1972) f o r  possible replacement o f  an SCR. Spry- 
t rons  operate a t  high vo l tage and are capable o f  
t r a n s f e r i n g  large cur ren ts  f o r  shor t  t ime i n t e r -  
vals. F igure  4 records the  vo l tage and cur ren t  
through a Sprytron, s t a r t i n g  from the second shot. 
(On the f i r s t  shot, t h e  voltage was 100 V and t h e  
cur ren t  was too weak t o  be recorded.) The amount 
o f  cur ren t  del ivered through a Sprytron i s  q u i t e  

Figure 4. 

comparable t o  tha t  de l i vered  through an SCR under 
t h e  conf igura t ion  o f  F igure 3. The Sprytron tube 
i s  vacuum exhausted a t  600°C; thus, i t  works as 
we l l  a t  275°C as a t  ambient. The main de f ic iency  
i s  i t s  l i m i t e d  l i f e  s ince i t  was not o r i g i n a l l y  
designed f o r  continuous operation. The main chal -  
lenge i n  t h e  Sandia R&D e f f o r t  i s  t h a t  o f  extending 
t h e  operat ional  l i f e  o f  the Sprytron tube; thus 
far, i t  has been poss ib le  t o  increase i t s  l i f e  t o  
100,000 operations ( o r  about 3 hours a t  a 10 pulse 
per second r e p e t i t i o n  ra te )  and i t  i s  expected 
eventual ly  t o  reach 500,000 operations (about 15 
hours a t  a 10 pps r e p e t i t i o n  ra te ) .  

Sprytron and t e s t  c i r c u i t .  

I n  add i t ion  t o  t h e  development o f  a long  l i f e  
Sprytron, various commercial e lec t ron ic  components 
have been evaluated t o  determine t h e i r  maximum 
operat ing temperatures. Some commercial products 
can operate a t  temperatures higher than t h e i r  r a t -  
ings. For  example, some j u n c t i o n  f i e l d  e f f e c t  
t r a n s i s t o r s  (JFETs) a re  ra ted  a t  200"C, but  can 
a c t u a l l y  operate a t  275°C wi thout  s i g n i f i c a n t  leak-  
age cur ren t  - Some e x i s t i n g  e lec t ron ic  technologies 
have h igh temperature c a p a b i l i t y ,  b u t  are not o f f -  
the- she1 f products. For  exampl e, mica capaci tors  
can withstand high temperatures and h igh  voltages, 

Chang 
but  h i g h  capacitance mica capacitors have t o  be 
s p e c i a l l y  ordered. Table 1 shows examples o f  some 
h igh  temperature commercial products tha t  w i l l  be 
used i n  Sandia's design f o r  h igh temperature c i r -  
c u i t s  f o r  t h e  acoustic CBL t o o l s .  A more complete 
l i s t  w i l l  be publ ished by Sandia as par t  o f  a h igh  
temperature component handbook. 

Company 

Caddock E l e c t r o n i c s  
Cermal 1 oy  

P h i l  i p s  (MEPCO) 
Custom E l e c t r o n i c s  
Sprague 
KD Components 

General Magnet ics  

Permal u s t r e  
Hy-Temp Transducers  
C e n a l l o y  

DuPont 

Ab1 e s t 1  c k  

T . I .  

DuPont 

Tekform 
3M 

I tem 

R e s i s t o r s  
Power FiTm 
Thick  F i l m  I n k s  

C a p a c i t o r s  
S o l i d  Aluminum E l e c t r o l y t i c  
Mica C a p a c i t o r s  
T h i n  F i l m  S i O z  
Mica C a p a c i t o r s  

Trans  formers  
Trans formers 

Conductors 
Anodi zed A1 uninum W i r e  
Ceramic Coated Copper M i r e  
Conductor Inks 

Sol  d e r  
H i j T i T e m p e r a t u r e  P a s t e  - 

%%tor o r  D i e l e c t r i c  

T r a n s i s t o r s  
JFET 
P.C. Board 
Po 1 y i  mide  

Packages 
M e t a l  Packages 
Ceramic packages 

Tab1 e 1. Maximum operat ing temperature 
commerci a1 products. 

Max imum 
Tempera ture  

275'0c 
500 "C 

300°C 
300°C 
300°C 
300°C 

500  "C 

500°C 
500°C 
300  "C 

300°C 

300  "C 

275°C 

300  "C 

350°C 
350°C ' 

fo r  some 

It i s  planned t o  use a magnetost r ic t ive t rans-  
m i t t e r  and a p i e z o e l e c t r i c  receiver  i n  the logging 
t o o l  design. Magnetost r ic t ive mater ia ls  u s u a l l y  
have h igh  Curie temperatures. For example, t h e  
Cur ie  temperature o f  2V Permendur from Arnold Engi- 
neering Company i s  940°C. Not much o f  a problem i s  
expected i n  operat ing a t  275°C. As f a r  as t h e  
rece iver  i s  concerned, p i  ezoel e c t r i c  materi  a1 s are 
favored because o f  higher s e n s i t i v i t y .  Both Chan- 
nel 5800 (Curie temperature >300"C) from Channel 
I n d u s t r i e s  and K-95 modi f ied lead t i t a n a t e  (Cur ie  
temperature = 500°C) from Keramos, are being stud- 
i e d  t o  determine which one w i l l  perform b e t t e r  i n  
the  geothermal environment . Kal r e t  p e r f l  uoroel as- 
tomer from DuPont w i l l  be considered f o r  use as an 
O-ring mater ia l .  Kal rez i s  ra ted  a t  260-288°C. 

SUMMARY 

I n  summary, an acoustic instrument capable of 
operat ing a t  h igh temperatures i s  essent ia l  f o r  
accurate evaluat ion of t h e  cement bond cond i t ion  i n  
a geothermal we l l  . Sandia i s  developing var ious 
h i g h  temperature component technologies f o r  use i n  
the  design of an acoustic CBL i n s t r m e n t  f o r  opera- 
t i o n  up t o  275OC. C r i t i c a l  por t ions  o f  t h e  275°C 
CBL instrument have been b u i l t  and tested i n  t h e  
1 aboratory. Test r e s u l t s  suggest t h a t  the i nstru- 
ment can operate a t  275°C but  t h a t  the l i f e t i m e  o f  
the output  swi tch ing device i s  not y e t  sa t is fac-  
tory .  Work, already underway, i s  expected t o  y i e l d  
the  des i red 15-hour l i f e t i m e .  

28 1 



REFERENCES 

Boettcher, G. E., 1972, Cold Cathode Vacuum 
D i  sc harge Tube w i t h  Cathode D i  sc harge Face Para1 1 e l  
w i t h  Anode; U.S. Patent No. 3663855. 

Grosmangin, M., Kokesh, F. P., and Majani, P. 
1961, A Sonic Method for Analyzi ng the Qual i ty  of 
Cementation o f  Borehole Casings: Journal o f  Petro- 
leum Technology, V. XIII, no. 2, p. 165-171. 

Knutson, C. K. and Boardman, C. R., 1978, An 
Assessment of  Non-Destructive Test ing o f  Well Cas- 
ing, Cement and Cement Bond i n  High Temperature 
Wells: Geo Energy Corporation, Las Vegas, Nevada. 

28 2 


