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ABSTRACT 

Down-hole heat exchangers (DHE's) are  commonly used i n  
the u t i l i z a t i o n  o f  low temperature geothermal re-  
sources. 
mined by corrosion f a i l u r e  a t  the air-water i n te r face .  
P a r a f f i n  o r  other hydrocarbons are  sometimes pu t  down 
the we l l  t o  i n h i b i t  cor ros ion and appear t o  help, a l -  
though l i t t l e  data i s  ava i lab le .  Experiments des- 
cr ibed here show t h a t  hydrocarbon f l o a t i n g  on the a i r -  
water i n te r face  prevents format ion o f  i t h i n  aqueous 
f i l m  on the metal above the bu lk  f l u i d  and t h a t  i t  i s  
t h i s  t h i n  f i l m  which promotes corrosion. 
access i s  a lso  c r i t i c a l .  Even w i th  the use o f  
p a r a f f i n  the cor ros ion r a t e  i n  the bu lk  so lu t i on  re-  
mains unacceptably h igh i n  the  presence o f  a i r ,  where- 
as cor ros ion ra tes  drop t o  low l eve l s  w i thout  the  use 
o f  p a r a f f i n  , provided a i r  i s r i  gorously excluded . 
Thorough sea l ing  o f  the  we l l  head combined w i t h  the 
use o f  p a r a f f i n  should e l iminate  o r  g rea t l y  reduce 
cor ros ion problems a t  the air-water i n te r face .  

The l i f e t i m e  o f  DHE's i s  f requent ly  deter-  

Oxygen 

INTRODUCTION 

Low temperature geothermal resources are being ex- 
p l o i t e d  f o r  d i r e c t  use space heat ing i n  many ,xrh !if 
the wcjrld. 
be pumped, t h i s  f requent ly  r e s u l t s  i n  dep le t ion  o f  the 
hot  water aqu i f e r .  
the heat w i thout  removing the water i s  the use o f  a 
down-hole heat exchanger (DHE) i n  the we l l  (Figure 1). 
These have been used successful ly i n  Klamath F a l l s ,  
Oregon (USA) and Taupo, New Zealand. 

Although these low temperature we! i i  Liiy 

An a l t e r n a t i v e  method which uses 

FIGURE 1. Down-Hole Heat Exchanger 

The service l i f e  o f  these DHE's i s  f r equen t l y  deter-  
mined by cor ros ion and the most aggressive cor ros ion 
i s  commonly found a t  the a i r- water  i n te r face .  It i s  
common p rac t i ce  (Freeston. 1986; L i c h t i ,  1985) t o  put  
pa ra f f i n ,  motor o i l ,  o r  other hydrocarbon i n t o  the 
bore where i t  f l o a t s  on the top o f  the a i r - f l u i d  
i n te r face .  Although t h i s  method i s  bel ieved t o  
provide p ro tec t i on  t o  the heat exchanger p ipe  a t  the 
in ter face,  t he re  does not  appear t o  be any publ ished 
data a c t u a l l y  conf i rming tha t  t h i s  measure does pro- 
vide pro tec t ion .  

The experiments described i n  t h i s  repo r t  were car r ied  
out: 
a) t o  determine whether the p a r a f f i n  l aye r  does 

provide p ro tec t i on  against  cor ros ion a t  the  a i r -  
water i n te r face ;  

b)  t o  prov ide quan t i t a t i ve  estimates o f  how much 
p ro tec t i on  i s  provided; and 

c )  t o  t e s t  whether the add i t i on  o f  a commercial cor- 
ros ion i n h i b i t o r  t o  the p a r a f f i n  phase provides 
any add i t i ona l  p ro tec t ion .  

MATERIALS AND METHODS 

Metal coupons (25 mm x 125 mn x 2 mm) were made o f  
m i l d  carbon s tee l  and a l l  were from the same o r i g i na l  
p l a te .  Simulated geothermal f l u i d  was 1.2 m o l / l  
NaHC03, 4.3 mnol / l  Na SO 1.4 mnol/l NaC1. adjusted 
t o  pH 8.0. Metal coutont'were cleaned a f t e r  ex- 
posure t o  s imulated geothermal f l u i d  w i t h  C la rke ' s  
so lu t i on  (2% SbCl , 5% SnC12 i n  concentrated HC1). 
Weight losses w e d  measured and cor ros ion r a t e s  
ca lcu la ted i n  micrometers/year by the formula: 

r a t e  = w/dAt 

where w i s  the  l oss  o f  the metal mass i n  t ime t. A i s  
the surface area exposed t o  corrosion, d i s  the  den- 
s i t y  o f  the  metal, and t i s  the  t ime o f  exposure t o  
the cor ros ive  medium. 
i n g  corrosion was used i n  these ca lcu la t ions .  
p a r t i a l l y  immersed coupons w i th  no p a r a f f i n  t h i s  was 
the area o f  the  whole coupon; f o r  coupons p a r t i a l l y  
immersed i n  f l u i d  w i t h  p a r a f f i n  on top i t  was the area 
o f  metal a c t u a l l y  i n  the simulated geothermal f l u i d .  

Two- l i te r  beakers were each f i l l e d  w i t h  1.5 l i t e r s  o f  
simulated geothermal f l u i d .  P a r a f f i n  wax o r  Ondina 
mineral o i l  68 (She l l )  was added as needed. F l u i d  was 
maintained a t  78-8O'C i n  a thermosta t ica l ly  con t ro l l ed  
o i l  bath. Evaporation o f  f l u i d  from beakers w i t h  no 
p a r a f f i n  was con t ro l l ed  by p lac ing  a watch g lass  on 
top o f  the  beaker and keeping the top o f  the  watch 
glass f i l l e d  w i t h  water. 
the beaker i t s e l f  as needed to maintain a r e l a t i v e l y  
constant water l e v e l  (23 cm). 

A comerc ia1 cor ros ion i n h i b i t o r .  CK 337 (Servo). was 
added t o  the p a r a f f i n  l aye r  a t  an i n i t i a l  concen- 
t r a t i o n  o f  1% ( v / v )  i n  appropr iate beaker. This cor-  
ros ion  i n h i b i t o r  i s  an organic a l k y l  amine w i t h  a par-  
t i t i o n  c o e f f i c i e n t  between hexane and water o f  5:l. 

RESULTS 

Only surface ac tua l l y  exh ib i t -  
For 

D i s t i l l e d  water was added t o  

Aerobic Corrosion o f  P a r t i a l l y  Immersed Coupons 
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I n i t i a l  experiments were ca r r i ed  ou t  w i t h  coupons par- 
t i a l l y  immersed (70%) i n  simulated geothermal f l u i d .  
One beaker contained only geothermal f l u i d ,  the second 
had 2.5 cm o f  p a r a f f i n  f l o a t i n g  on top, and the  t h i r d  
had 2.5 cm o f  p a r a f f i n  w i t h  CK 337 cor ros ion i n h i b i t o r  
added t o  the p a r a f f i n  phase a t  an i n i t i a l  concen- 
t r a t i o n  o f  1% ( v / v ) .  Coupons were removed a t  456 
hours and 648 hours o f  exposure, cleaned w i th  C larke 's  
so lu t ion .  d r ied ,  weighed and the cor ros ion r a t e  ca l -  
cu l  ated i n  m i  crometers/year . 
tabu la ted i n  Table 1. 

The resu l  t s  are 

TABLE 1 

Corrosion ra tes  (micrometers/year) o f  m i l d  s tee l  
coupons p a r t i a l l y  immersed i n  aerobic simulated 

geothermal f l u i d  a t  80°C 

456 h r  648 hr  

No p a r a f f i n  490 500 

2.5 cm p a r a f f i n  310 300 

2.5 cm p a r a f f i n  + 210 230 
1% CK 337 

The data i n  Table 1 ind ica tes  t h a t  p a r a f f i n  does i n -  
deed reduce the cor ros ion r a t e  and t h a t  the commer- 
c i a l  cor ros ion i n h i b i t o r  CK 337 lowers the cor ros ion 
r a t e  s t i l l  f u r t he r .  Visual observat ion o f  the coupons 
provided add i t iona l  in format ion  about the  nature o f  
the  cor ros ion process. The coupons immersed i n  
simulated geothermal f l u i d  w i thout  p a r a f f i n  had a 
t h i c k  black deposi t ,  a few orange products and white 
c r y s t a l s  above the a i r /water  i n te r face .  There was a 
t h i n  black f i l m  o f  cor ros ion products below the water 
surface. Powder X-ray d i f f r a c t i o n  and magnetic 
proper t ies  confirmed t h a t  the black depos i t  was 
magnetite Fe 0 
so lu t ion ,  segefal deep cor ros ion spots were noted on 
the po r t i on  o f  the coupon above the a i r /wa te r  i n t e r -  
face, whereas the po r t i on  o f  the  coupon below the 
i n t e r f a c e  was evenly corroded w i t h  no l oca l i zed  spots 
more deeply corroded than the r e s t  o f  the  surface. 
These observations suggest the simulated geothermal 
f l u i d  forms a t h i n  f i l m  on the coupon above the bu lk  
f l u i d ,  which al lows ready access t o  oxygen and 
promotes rap id  corrosion. The presence o f  the whi te 
c r y s t a l s  shows t h a t  the f i l m  i s  con t i nua l l y  evap- 
o ra t i ng  and concentrat ing the d isso lved s a l t s  o f  the  
geothermal f l u i d  t o  the sa tu ra t i on  l e v e l .  The 
presence o f  t h i s  h igh concentrat ion o f  s a l t s  (par-  
t i c u l a r l y  ch lo r i de )  would a lso  promote corrosion. 

Coupons p a r t i a l l y  immersed i n  f l u i d  w i t h  p a r a f f i n  
f l o a t i n g  on top o f  the air-water i n t e r f a c e  showed no 
cor ros ion e i t h e r  on the po r t i on  o f  the coupon i n  
contact  w i t h  p a r a f f i n  o r  on the p o r t i o n  o f  the  coupon 
above the p a r a f f i n  which was exposed t o  a i r .  The cor-  
ros ion  product on the coupon i n  contac t  w i t h  the 
simulated geothermal f l u i d  was a black powder s i m i l a r  
t o  t h a t  on the immersed p o r t i o n  o f  coupons i n  the  geo- 
thermal f l u i d  w i thout  p a r a f f i n .  It was a l so  noted 
t h a t  there  was a t h i n  l aye r  o f  p a r a f f i n  on the coupon 
above the p a r a f f i n  layer .  

A f u r t he r  experiment was c a r r i e d  ou t  t o  determine i f  
the nature o f  the hydrocarbon phase made any 
d i f f e rence  i n  cor ros ion pro tec t ion .  
r a t e  o f  coupons p a r t i a l l y  immersed i n  Ondina mineral 
o i l  68 (mel t ing  p o i n t  = -15'C t o  -10°C) was compared 
w i t h  coupons p a r t i a l l y  immersed i n  p a r a f f i n  wax (melt-  
i n g  p o i n t  = 55-60°C). 
cor ros ion ra tes ,  i n d i c a t i n g  t h a t  t he  exact  nature o f  
the  hydrocarbon l aye r  i s  no t  c r i t i c a l .  However, the 
p a r a f f i n  wax w i t h  i t s  lower vapor pressure would be 
l i k e l y  t o  l a s t  longer and not  vapor ize away as 
qu i ck l y .  

Coupons i n  t he  f l u i d  w i t h  p a r a f f i n  conta in ing 1% ( v / v )  
CK 337 were very s i m i l a r  t o  t h a t  w i t h  p a r a f f i n  alone, 
bu t  the cor ros ion below the i n t e r f a c e  was q u i t e  
l oca l i zed .  Although 95% o f  the  surface appeared 
v i r t u a l l y  w i thout  corrosion, several deep l oca l i zed  
cor ros ion spots were noted a t  the end o f  648 hours. 

A f t e r  c leaning w i t h  C larke 's  

The cor ros ion 

There was no d i f f e rence  i n  the 

I f  cor ros ion a t  these l oca l i zed  spots continued f o r  
several more months, complete pe r fo ra t i on  o f  the  
coupon would r e s u l t .  The use o f  CK 337 does no t  
appear t o  provide usefu l  p ro tec t i on  under the  
cond i t ions  found i n  geothermal OHE's and i t  was no t  
invest iga ted any fu r the r .  

Aerobic Corrosion o f  Completely Immersed Coupons 

Thus p a r a f f i n  appears t o  provide p ro tec t i on  from cor-  
ros ion  above the air-water i n te r face  by prevent ing 
format ion o f  a t h i n  f i l m  o f  so lu t i on  above the i n t e r -  
face. The previous experiments provide no in format ion  
as t o  whether p a r a f f i n  provides any corrosion pro- 
t e c t i o n  below the surface o f  the l i q u i d  or  whether the  
th ickness o f  the  p a r a f f i n  l aye r  has any e f f ec t .  A 
second se t  o f  experiments were ca r r i ed  ou t  w i t h  com- 
p l e t e l y  immersed coupons i n  geothermal f l u i d ,  f l u i d  
w i t h  0.5 cm p a r a f f i n  f l o a t i n g  on top, and f l u i d  w i t h  
5.0 cm o f  p a r a f f i n  f l o a t i n g  on top. The r e s u l t s  are 
shown i n  Table 2. 

TABLE 2 

Corrosion r a t e  (micrometers/year) o f  m i l d  s tee l  
coupons completely immersed i n  simulated geothermal 

f l u j d  a t  80°C under aerobic cond i t ions  

336 h r  480 h r  

No p a r a f f i n  270 280 

0.5 cm p a r a f f i n  270 270 

5.0 cm p a r a f f i n  270 260 

The data i n  Table 2 shows t h a t  the  p a r a f f i n  has no 
e f f e c t  on the cor ros ion r a t e  below the air-water 
i n te r face .  Thus, the  p a r a f f i n  does no t  a c t  as a 
thermodynamic o r  k i n e t i c  b a r r i e r  t o  oxygen d i sso l -  
v ing i n t o  t he  bu lk  f l u i d ,  and the depth o f  the 
p a r a f f i n  l aye r  does no t  matter. This data i s  i n  
agreement w i t h  publ ished data on the s o l u b i l i t y  o f  
oxygen i n  hydrocarbons which i nd i ca tes  t h a t  oxygen i s  
approximately twenty times as so lub le  i n  hydrocarbons 
as i n  water a t  80°C (Linke. 1965). 

The cor ros ion r a t e  o f  the completely immersed coupons 
(270-300 micrometers/year) i s  probably p a r t i a l l y  con- 
t r o l l e d  by mass t ranspor t  o f  oxygen t o  the  metal sur- 
face. 
face i s  ca lcu la ted from F i c k ' s  d i f f u s i o n  law: 

The r a t e  o f  oxygen t ranspo r t  t o  the coupon sur- 

dn - A x D x c  
a T -  . 6  

2 Using A3= 62.5 cmf D = 2 x 
mole/cm and 6 = .02 cm. q s u l t s  i n  an oxygen mass 
t ranspo r t  r a t e  o f  6.3 (10 ) moles/second. The oxygen 
consumption r a t e  was ca lcu la ted assuming a l l  the 
product was magnetite.-$nd resu l t ed  i n  an oxygen con- 
sumption r a t e  o f  5 (10 ) moles o f  oxygen per second, 
which i s  the same magnitude as the  mass t ranspor t  
ra te .  

The cor ros ion ra tes  o f  the p a r t i a l l y  immersed coupons 
w i t h  no p a r a f f i n  are a c t u a l l y  averages o f  the cor-  
ros ion  r a t e  above and below the surface. Ca lcu la t ion  
o f  the  cor ros ion r a t e  above the  surface i s  possible,  
knowing the cor ros ion r a t e  i n  bu lk  so lu t ion .  
r e s u l t  o f  t h i s  c a l c u l a t i o n  i nd i ca tes  t h a t  the cor-  
ros ion  r a t e  i n  the  water f i l m  above the surface i s  830 
micrometers/year compared w i t h  300 m ic rome tedyea r  i n  
the  bu lk  so lu t i on .  Thus, the  cor ros ion r a t e  above the 
surface o f  the l i q u i d  i s  near ly  th ree times the r a t e  
below the surface. 

Although the use o f  p a r a f f i n  a t  the air-water i n t e r -  
face i s  c l e a r l y  successful i n  e l im ina t i ng  cor ros ion 
above the i n te r face ,  the cor ros ion r a t e  below the sur- 
face i s  s t i l l  unacceptably high. I f  oxygen l e v e l s  can 
be kept  a t  minimal l e v e l s  w i t h i n  the  we l l  casing, t he  
cor ros ion r a t e  both below and above the i n t e r f a c e  
should be much lower. The anodic ox idat ion  o f  i r o n  
w i l l  no t  occur w i thout  a corresponding cathodic re-  
duct ion  and oxygen i s  the major. i f  no t  only. cathodic 

cm , c = 1.0 x 

The 
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geothermal w e l l s  over any s u b s t a n t i a l  l e n g t h  o f  t ime 
i s  l i k e l y  t o  produce unacceptably h i g h  r a t e s  o f  cor-  
r o s i o n  f a i l u r e .  A DHE can produce adequate hea t  w i t h  
minimal c o r r o s i o n  problems. 

The da ta  o f  these experiments suggest t h a t  t h e  use o f  
p a r a f f i n  i n  geothermal DHE's combined w i t h  r i g o r o u s  
exc lus ion  o f  oxygen f rom t h e  i n t e r i o r  o f  t h e  w e l l  
cas ing  should reduce o r  e l i m i n a t e  problems o f  cor-  
r o s i o n  f a i l u r e  a t  t h e  a i r - w a t e r  i n t e r f a c e .  
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reduc tan t  i n  these exper imental  c o n d i t i o n s .  

Anaerobic Cor ros ion  o f  Completely Immersed 
Coupons 

I n  o r d e r  t o  o b t a i n  an idea o f  t h e  r e l a t i v e  c o r r o s i o n  
r a t e  under f a i r l y  s t r i c t  anaerobic cond i t ions ,  t h e  ex- 
per iments descr ibed  i n  Table 1 were repeated under an- 
aerob ic  c o n d i t i o n s .  T h i s  was accomplished by sparg ing  
t h e  s imu la ted  geothermal f l u i d  f o r  twenty minutes w i t h  
oxygen- free n i t r o g e n  and us in0  beakers sealed a t  t h e  
top  w i t h  ground g lass  f i t t i n g s .  A f t e r  sparging. t h e  
coupons were q u i c k l y  inser ted ,  t h e  gas space above t h e  
l i q u i d  was f i l l e d  w i t h  n i t r o g e n ,  t h e  t o p  f i t t i n g s  were 
sealed, and t h e  beakers p laced  i n  the  80°C bath.  
r e s u l t s  a re  shown i n  Table 3. 

The 

TABLE 3 

Corrosion r a t e  (m ic rometer iyear )  o f  m i l d  s t e e l  coupons 
complete ly  i m e r s e d  i n  s imulated geothermal 

f l u i d  a t  80°C under anaerobic c o n d i t i o n s  

360 hours 

P a r t i a l  (70%) immersion 11 
Compl e t e  i mmer s i on 8 

The r e s u l t s  show t h a t  t h e r e  i s  a m a j o r  r e d u c t i o n  i n  
c o r r o s i o n  r a t e  achieved by f a i r l y  r i g o r o u s  e x c l u s i o n  
o f  oxygen. The c o r r o s i o n  r a t e  i n  t h e  f i l m  above t h e  
s o l u t i o n  can be c a l c u l a t e d  and i s  18 micrometers lyear 
a t  360 hours, about  2% o f  t h e  f i l m  c o r r o s i o n  r a t e  when 
a i r  was a v a i l a b l e  (830 micrometers/year) .  The cor-  
r o s i o n  r a t e  i n  t h e  b u l k  f l u i d  i s  reduced f rom 280-300 
micrometers/year i n  t h e  presence o f  oxygen t o  e i g h t  
m i c r o m e t e d y e a r  when a i r  i s  excluded. 

The c o r r o s i o n  r a t e  i n  t h e  f i l m  above t h e  b u l k  s o l u t i o n  
i s  h igher  than  t h a t  below t h e  sur face  under b o t h  
aerob ic  and anaerobic cond i t ions ,  b u t  t h e  c o r r o s i o n  
r a t e  o f  t h e  f i l m  under anaerobic c o n d i t i o n s  i s  l e s s  
than t h a t  o f  t h e  b u l k  s o l u t i o n  w i t h  access t o  a i r .  
Geothermal f l u i d  i t s e l f  i s  complete ly  anaerobic and, 
hence, i f  a i r  i s  e f f e c t i v e l y  prevented f rom e n t e r i n g  
t h e  w e l l  head, c o r r o s i o n  r a t e s  should be q u i t e  low. 
These experiments emphasize the  d e s i r a b i l i t y  o f  having 
the  w e l l  cas ing  t i g h t l y  sealed t o  p reven t  i n g r e s s  o f  
atmospheric oxygen i n t o  t h e  w e l l .  

CONCLUSIONS 

These exper iments i n d i c a t e  t h a t  p a r a f f i n  o r  o t h e r  
hydrocarbons f l o a t i n g  on t h e  a i r - w a t e r  i n t e r f a c e  o f  
geothermal w e l l s  can d r a m a t i c a l l y  reduce t h e  cor-  
r o s i o n  r a t e  o c c u r r i n g  above t h e  i n t e r f a c e .  They a l s o  
i n d i c a t e  t h a t  t h e  e x a c t  n a t u r e  o f  t h e  hydrocarbon i s  
n o t  c r i t i c a l ,  nor  i s  t h e  depth o f  t h e  p a r a f f i n  l a y e r .  
As l o n g  as some hydrocarbon l a y e r  i s  p r e s e n t  above t h e  
water l a y e r ,  f o r m a t i o n  o f  a t h i n  f i l m  above t h e  b u l k  
s o l u t i o n  i s  prevented, and i t  i s  t h i s  t h i n  water  f i l m  
which promotes r a p i d  c o r r o s i o n  r a t e s .  
p a r a f f i n  should n o t  be regarded as a panacea, however, 
as c o r r o s i o n  r a t e s  a r e  s t i l l  very h i g h  i f  oxygen i s  
p resen t .  .The use o f  p a r a f f i n  combined w i t h  r i g o r o u s  
e x c l u s i o n  o f  oxygen should produce low c o r r o s i o n  r a t e s  
o f  t e n  micrometers/year o r  less .  

Cor ros ion  f a i l u r e  a t  t h e  a i r- water  i n t e r f a c e  i n  DHE's 
i n  geothermal w e l l s  has been extremely v a r i a b l e  w i t h  
some w e l l s  s u f f e r i n g  c o r r o s i o n  f a i l u r e s  i n  a few 
years,  w h i l e  o ther  w e l l s  have l a s t e d  40 years w i t h o u t  
c o r r o s i o n  f a i l u r e  (Newcombe. 1976). One l i k e l y  ex- 
p l a n a t i o n  o f  t h i s  phenomenon i s  n o t  v a r i a t i o n s  i n  
f l u i d  temperature o r  chemical makeup, b u t  access o f  
oxygen f rom t h e  a i r  i n t o  t h e  geothermal w e l l .  Wel ls  
w i t h  a t i g h t  seal  a t  t h e  t o p  o f  t h e  w e l l  cas ing  a r e  
l e s s  l i k e l y  t o  have c o r r o s i o n  f a i l u r e  a t  t h e  a i r - w a t e r  
i n t e r f a c e  than w e l l s  w i t h  poor sea ls  t h a t  admi t  a s low 
b u t  c o n t i n u a l  replenishment o f  oxygen. The h i g h e s t  
c o r r o s i o n  r a t e s  w i l l  occur  i f  a i r  i s  a c t i v e l y  pumped 
i n t o  t h e  w e l l .  Th is  process, a i r  l i f t i n g ,  has 
a c t u a l l y  been used i n  some non- f low ing  w e l l s  i n  
Rotorua t o  pump h o t  water  up t h e  w e l l ,  b u t  t h e  
c o r r o s i o n  r a t e s  a re  very high, as has been noted 
( W e l l s  and L i c h t i .  1985). A i r  l i f t i n g  h o t  water f rom 
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