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a CORI<OSION AND SCALING B Y  STEAM I N  
.!, 

NUCLEAH GEOTHERMAL POWEI~PLANTS’” 

Oscar  €1. Krikorian 

J ,a wrence Livermore L,abora tory, U n ivcrs  ity of Califvr t i  ia 

T,ivermore, California 94 550 

ABSTRACT 

The quality of s team produced in a nuclear geothermal well will significantly 

affect  the design, operation, efficiency, and expense of a s team-turbine powerplant. 

Problem a r e a s  related to s team quality a re :  the car ry ing  and  deposition of 

minerals  (scaling) by s team, the carrying of radioactive contaminants by s team,  

the amount and types of noncondensible gases ,  and the corrosion of alloys. 

Minerals ca r r i ed  by s team a r e  usually sa l t s  (such a s  NaCL, NaOH, or sodium 

s i l ica tes )  and s i l ica .  Ueposition of minerals  in the piping or turbine can reduce 

ne. flow, give inefficient turbine operation, or cause mater ia l  damage to the turb 

The sa l t  deposits a r e  water soluble and can be washed away a s  an operational 

procedure.  Silica, however, poses ser ious  problems because of its insolubi ity. 

The maximum permissible  concentration of s i l i ca  in s t eam is about 0.05 ppm, in  

o rde r  to reduce s i l ica  deposition to a negligible level. 

and s team p res su res  of 80 atm were to be used, the s i l i ca  content of s team would  

be about 9 ppm, i.e., more  than 2 o r d e r s  of magnitude higher  than the maximum 

If temperatures  of 620°K 

* 

- e -  

This  work  was performed under the auspices of the U.S. Atomic Energy 

C ommis s ion. 
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permitted concentration. I t  i s  c l ea r  that such impure s t eam wou 

purified, e i ther  by scrubbing with water o r  by some  other  means 

introducing i t  into the turbine. 

I{adioactive contaminants f rom fusion or fission explosives 

d need to be 

before 

that may be 

volatile a f t e r  180 days a r e  given a s  the fission products:  85  K r ,  O 13 u, I06RU,  

22  32 35 127mTe, and 137Cs; and induced activit ies:  311, Na, P, S, 10613h, 1 2  SSb, -- 
37Ar ,  and 134Cs. 

the amount of gamma radiation for  the above spec ies  is 3.0 X 1OI6 MeV/sec fo r  

all-fission explosives, and 1.1 X 1015 MeV/sec f o r  fusion explosives with 3 k t  

Significant gamma emi t t e r s  a r e  underlined. For 1 Mt of yield, 

of f ission. Fusion explosives a l so  produce a high level of beta activity in the 

f o r m  of tr i t ium. 

A thermodynamic model is  used to roughly a s s e s s  the volatilities of the 

main gamma emi t t e r s  in s team.  The approach used is to es t imate  the composition 

and amounts of volatile rock components and radioactivity retained in the s t eam 

when the major  portion of the melted rock has  cooled and separa ted  f r o m  the 

s team phase. 

125Sb and 127mTe a r e  also expected to have high volatilities. Ru,  

high volatilities a r e  expected under oxidizing conditions with low volatilities expected 

under reducing conditions. The radionuclides 134Cs and 137Cs a r e  believed to he 

The radionuclide 8 5 K r  is, of course,  a permanent gas  while 

106  For  l o 3 R u  a n d  

significantly volatile, with the i r  actual volatilities affected by the chloride a n d  

carbonate content of the rock formation. 

a r e  likely to coprecipitate with sa l t s  and s i l ica  in the turbine system, if the 

Radioactive impuri t ies  ca r r i ed  by s t e a m  . 
c s t eam quality is  poor. 

Noncondensible gases  present  in geothermal s t eam lead to three  problems: 

(1) enhanced corrosion to alloys; ( 2 )  increased pumping cos ts  to maintain turbine 
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efficiency; and (3)  possible enhancement of carrying of minerals  in s team.  The 

noncondensible gas  content of geothermal s t eam ranges f rom 0.01 to 5 wt%, with 

more  typical values of 0.1 to 1 wt%. The gas C 0 2  r ep resen t s  about 7 0  to 90cVo of the 

noncondensible gas.  

of CH4, NH3, and N 2 .  

Next in importance a r e  H2S and H2, with l e s s e r  amounts 

Limited information is available on the corrosion res i s tance  of common 

alloys and other mater ia l s  to geothermal water and s team. 

performed on alloy coupons with water a t  320 to 510°K and s team a t  370 to 470°K 

for  periods u p  to 150 days.  The alloys most res i s tan t  to corrosion a r e  titanium, 

austenitic s ta inless  s tee ls ,  and chromium-plated s tee ls .  Corrosion of alloys 

can occur f rom the presence of NH3, H2S, COz, and especially chlorides in 

s team.  

Tes t s  have been 

Also, corrosion i s  generally enhanced by the presence of oxygen. 

INTRODUCTION 

The purity of the s team produced in a nuclear chimney o r  surrounding 

fractured region wi l l  have a major  effect on the design, cost, and operation of 

a Plowshare geothermal plant. Both the quantity and the type of contaminants 

ca r r i ed  up by the s team may affect the well life, the turbine-condenser design, 

the operating efficiency of the plant, and even the safety requirements .  

Fo r  calculational purposes the total yield of nuclear explosives used in a 

4 well is assumed to be ei ther  1 Mt of fission o r  1 Mt of fusion including 3 kt of 

f ission, 

and to produce s t eam at approximately 623°K and 80 a tm p r e s s u r e  in the chimney. 

The corresponding well-head p res su re  would be about 50 atm.  

The well i s  assumed to be put into operation 180 days a f te r  detonation 
9Y 
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The s team quality problems can be divided into three  a r e a s .  

0 Mineral content of the s team 

0 Radioactive content of the s team 

0 Noncondensible gas  content of the s team and the related corrosion problems.  

MINERAL CONTENT OF STEAM 

Scaling of Turbines 

A number of minerals  a r e  known to form volatile gaseous species  by 

reacting with s team and a re ,  thereby, transported by s team.  The main interest  

in previous work on mineral  t ransport  by s t eam has  been to obtain a be t te r  

understanding of hydrothermal phenomena; also, considerable interest  has  

been shown in the scaling processes  of s team-turbine blades.  

information in these two areas ,  especially on scaling of s team-turb ine  blades, 

is  useful in interpreting and predicting the s t eam t ranspor t  behavior of minerals  

in geothermal applications. The information is applicable not  only in interpreting 

the scaling behavior of turbine blades but a l so  in predicting the minera l  t ransport  

behavior in the underground well. 

relationship to mineral  t ransport  a r e  discussed in the next section. 

Experimental  

Transpor t  of radioactive spec ies  and their  

The potential problems that resul t  f rom mineral  deposition on the pipes, 

steam-turbine,  and in the condenser of a nuclear geothermal powerplant may be 

1 extremely important. 

(and hence associated radioactivity) on turbine blades i s  dependent on the impuri t ies  

Straub has  shown that the deposition of s a l t s  and s i l ica  

in s t eam and on the s team p res su re .  Salt deposits on s team-turbine blades a r e  

water soluble and, with proper  operational procedures,  can be washed off with 
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water.  The most  important of these sa l t s  a r e  NaCl, NaOH, sodium si l icates ,  

Na2C03 and somet imes  Na2S04. 

commonly s i l ic ic  acid, amorphous sil ica,  and the various crystal l ine fo rms  of 

s i l ica .  

occur .  

Deposits that are  insoluble in water  a r e  most  

Deposits of iron oxides and CaC03 that a r e  insoluble in water  may a l s o  

The water  insoluble deposits, in par t icular  the various forms  of s i l ica ,  

present  the most  se r ious  problems. The deposits can lead to distortion of 

turbine blade configurations and hence lower the turbine efficiency. More 

seriously,  they can lead to imbalance of the turbine and vibrations that will cause 

mater ia l  damage to the turbine. 

insoluble deposits with NaOH solutions, if the r a t e  of deposition is not high. 

The operation is  time-consuming, however, and r equ i r e s  considerable c a r e  to 

avoid damage to the turbine. 

It may be possible to wash off the water  

T o  reduce s i l ica  deposits to a negligible level for  a nuclear  geothermal 

application, the maximum permissible  s i l ica  concentration in s t eam with 80 a t m  

of s team p r e s s u r e  a t  the turbine inlet is about 0.05 ppm.' In agreement  with 

this,  Styrikovich2 concludes that the total dissolved solid content ( s a l t s  plus 

s i l i ca)  of s t eam used in normal  turbine operations should not exceed 0.05 to 0.2 ppm. 

Steam of such purity is  difficult to achieve, even in the best  boi ler  sys t ems .  

Silica-Steam Sys tem 
- 

An est imate  of the s i l ica  concentration in s t eam fo r  geothermal applications 
*- 

may be obtained f rom Heitmann's work,3 in which s i l ica  gel, s i l ic ic  acid, o r  quartz  

were equilibrated with high-pressure s team.  Results on s i l ica  gel a r e  presented 
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a s  smoothed data in Fig.  1. Silica gel and the various s i l i c ic  acids  will 

interconvert, depending on tempera ture  and s t eam-pres su re  conditions. Hence, 

no distinction has  been made among them in the figure.  Quartz  shows a lower 

solubility in  water  than does s i l i ca  gel by a fac tor  ranging f rom 10 at 370°K to  

2 a t  600°K. In s team,  volatilized sil ica concentrations a r e  lower for  quartz 

than for s i l ica  gel, but the differences a r e  usually smal l .  

difference amounts to a factor  of' 2 at  about 600°K and 3 0  to 50 a t m  of s t eam 

The  maximum 

pres su re .  F r o m  Fig.  1, the s i l i ca  concentration in s t eam is  found to be 9 ppm 

a t  623°K and 80 a tm of s team p res su re .  

range of 5 to 9 ppm for the underground nuclear cavity condition, s ince  e i ther  

Therefore ,  it i s  estimated to be in the 

quartz  or the more  active fo rms  of s i l ica  may b e  present .  I t  becomes apparent 

that the s i l ica  content of the 80-atm s t eam f r o m  the underground cavity i s  too 

high by about 2 o r d e r s  of magnitude €or normal  turbine operations and that s e v e r e  

deposition will occur  on the turbine blades if the s t eam is  fed direct ly  into the 

turbine. The situation is fur ther  complicated by the presence of radioactivity in 

the s team,  s ince species  such as 125SbJ 137CsJ and 134Cs may coprecipitate on 

the turbine blades with the s i l ica  and various sa l t s .  

Natural  s t eam fields operate  with "dirty" s t eam but a t  lower  tempera tures  

and p res su res ,  a s  shown in Fig.  1, s o  that scaling is  only a marginal  problem. 

The turbine cycles a r e  correspondingly l e s s  efficient, but this inefficiency is 

counterbalanced by the low cost  of natural  s team.  

k Scrubbing of Steam 

If geothermal s t eam f rom a nuclear cavity is  to be used direct ly  in turbine 

operations a t  high p res su res ,  i t  is likely that it will need purification to  prevent 
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inefficient turbine operation and excessive radioactive buildup. 

purification suggested by Straub' i s  to s c rub  the s t eam with high-purity water 

before  passing it through the turbine. Unfortunately, such a process  cools the 

s team, degrades i ts  energy, and lowers the efficiency. Also, a f te r  scrubbing, 

the s t eam is a t  i ts  saturation point and, if used in the turbine, could lead to 

erosion of the turbine blades by impinging water droplets.  

s team would need to be reheated. 

A method of 

Consequently, the 

The effectiveness of such scrubbing t reatments  may be evaluated f rom 

I 1  Styrikovich's data on distribution rat ios  of various 

s team and in water.2 In Table 1, the distribution rat ios  represent ing concentrations 

of s i l ica  in s team compared to those in water (Cst/Cw) 

temperatures .  Also given a r e :  the concentrations of s i l ica  in s team, assuming 

equilibrium with condensed phase s i l ica  in the nuclear cavity (from Fig. 1),and 

the predicted s i l ica  content of the s team after scrubbing. 

solute" mater ia l s  in saturated 

a r e  given for  s eve ra l  

F r o m  Table 1, it may be concluded that scrubbing is a feasible method of 

purifying s team u p  to temperatures  i n  the vicinity of 569 to 585"K, corresponding to 

saturation p res su res  of 80 to 100 atm.  

for NaCl, NaOH, and a variety of other s a l t s  and hydroxides. 

is  about 

hydroxides should be removed even more  effectively by scrubbing than is S i 0  

By preventing the formation of deposits on the turbine, any radioactive mater ia l s  

that a r e  not removed by the scrub  water will end up in the condensate of the turbine 

Styrikovich also gives distribution ra t ios  

The Cst/Cw rat io  

o r  less  for  these compounds; therefore the various sa l t s  and 

2 '  

c 

i discharge,  and  not accumulate in the turbine. 

Other alternatives warrant consideration. A solid phase sc rubbe r  such a s  

Another solution i s  to add a l imestone might prove effective in removing s i l ica .  
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heat, exchanger in which water would be boiled and the s t eam f rom the nuclear  

chimney condensed. While this additional equipment would dec rease  the thermal  

efficiency of the process ,  it would concentrate the scal ing and radioactivity. 

The economic trade-off in using this approach l i e s  in the ability to use more  

conventional equipment in the r e s t  of the plant. 

proves severe ,  e i ther  two heat exchangers could be provided, o r  chemical o r  

mechanical desca le r s  could be added. 

If scaling in the heat  exchangers 

I f  the s t eam is  cleaned, the contaminants will be present  in the scrubbing 

sys tems.  

sys t em could possibly be c a r r  ed out by reinjection into the nuclear  chimney if' 

a fluid scrubbing sys tem is  u s e d .  

The  disposal of rad oactivity and contaminants present  in the scrubbing 

RADIOACTIVE CONTENT OF STEAM 

Volatile Radioactive Species 

4 
Levy gives the radioactive contaminants that might be volatile in s team 

a f t e r  180 days f rom ei ther  fission o r  fusion nuclear explosives. The fission 

products a r e  c_- 85Kr ,  l o 3 R u ,  lo6Ru, lo6Rh, 125Sb, 127mTe, and 137Cs; the induced 

32P, 35S, 3 7 A r ,  and 134Cs. activit ies a r e  H, Na, 

a r e  underlined.) F o r  1 Mt of yield, the amount of gamma radiation a f te r  180 days 

f o r  these is  3.0 X 1 0 l 6  MeV/sec for  an all-fission device and 1.1 X 1015 MeV/sec 

f o r  a fusion device having 3 kt of f ission (see Table 2).  Although the fusion device 

shows a lower level of gamma radiation for  volatile species ,  i t  has  a ve ry  high 

(Significant gamma emi t t e r s  3 2 2  

- 

level of beta activity in the form of tr i t ium. 

It should be noted that the induced activit ies indicated in Table 2 a r e  fo r  an 

explosive without neutron shielding. Calculations show a factor  of about 10 
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5 rcduc,tioii i i i  soil activat,iori f’or every 15 cm o f  boric-acid rieutrori shi(;Itlitig. 

The iriducccl activit ies a lso depcrid on soil corripositiori (calculations i n  l‘ablc 2 

a r e  for Ilardhat granite) and details of the explosive design. 

Noncondensible gases  (including radioactive spec ies )  that a r e  present  in the 

s team will be separated in the condenser. 

gases  a r e  exhausted from the condenser and vented to the atmosphere.  For the 

Plowshare geothermal application, the gases  could be collected and radioactive 

contaminants, such a s  8 5 K r ,  3 7 A r ,  and H, separated or concentrated and then 

s tored underground. 

could be vented to the atmosphere.  

In  natural  s team fields, noncondensible 

3 

Low Levels of volatile chemical and radioactive contaminants 

Fusion explosives, if used, would resu l t  in severa l  o r d e r s  of magnitude l e s s  

krypton but much more argon. 

Once the t r i t ium has exchanged with the hydrogen in the water or s t eam it would 

be most  difficult to remove, and adequate measu res  to ensure  i t s  sa fe  containment 

would be needed. 

They would also produce much m o r e  t r i t ium. 

A Thermodynamic Model of Radioactive Transpor t  

Actual volatilities of the various gamma-emitt ing species ,  estimated wi th  a 

thermodynamic model, can be used to e i ther  qualitatively o r  scmiquantitatively 

est imate  the gamma activity of the s team, s ince the assumptioii of complete 

volatility of these species  appears  to be unnecessarily extreme.  

thermodynamic calculations to the problem, cer ta in  assumptions need to be made 

about processes  and reactions occurring during formation of the explosion cavity. 

At sho r t  t imes  a f te r  the nuclear event, virtually all  of the vaporized rock and 

explosive mater ia l s  will have condensed (except for  s team and permanent  gases )  

To apply 

i. 

@ 
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to form a molten g lass .  

the more  volatile radioactive species  will be in this glass .  

both as droplets withiri the cavity and a s  a sur face  Layer o n  thc walls a n d  will 

tend to set t le  into the bottom of the cavity to form a puddle o f  g lass .  

g lass  will cool a t  a rapid r a t e  at  first, because of  convective and radiative losses ,  

but the rate will slow down a s  the tempera ture  drops. A significant dec rease  in 

the cooling r a t e  is expected if minera ls  begin to crystal l ize  out. The 

crystall ization range for a typical basal t  at  80 a tm s t eam p r e s s u r e  is f rom about 

1350 to 1500°K and for  a typical granite f rom 1200 to 1400°K. 

crystall ization occurs,  the viscosit ies of s i l icate  mel t s  in these tempera ture  

reg imes  a r e  very high, and thus l imit  the extent of the r a t e s  of gas-liquid 

interactions.  F r o m  these considerations, it  s e e m  appropriate  to  a s sume  that 

the Late-time condensation, which is  cr i t ical  to the disposition of volatile 

radioactivity, occurs  a t  t empera tures  below about 1500°K. 

Hefractory radioactive spec ies  and s o m e  portion o f  

The  g lass  wi l l  Form 

'I'his puddle 

Whether or not 

A number of factors  a r e  expected to contribute to  variations in the amount 

and composition of the Late-time condensate. 

is  the t ime of chimney collapse. 

quenched a t  high tempera ture  and the cavity would r e l e a s e  s t eam containing a 

high proportion of moderately volatile rock components (and a l so  the moderately 

and highly volatile radionuclides) into the chimney. With late collapse, arid 

consequently lower melt  temperatures ,  a g r e a t e r  amount of the moderately 

Perhaps  the most  important factor 

With a n e a r l y  collapse, the melt  would be 

volatile rock constituents and radionuclides would remain in the melt  phase. 

& 
Other factors  such as s t eam p res su re ,  oxidizing or reducing conditions, 

and amount of nuclear yield a r e  expected to  affect the amount of late-t ime 

cond e ns  a t  ion. 
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An es t imate  of the amount of la te- t ime condensate may be made 
.I_ 

based on 80 a tm s t eam pressure-"  and 1500°K a s  the conditions during separation 

f r o m  the melt  region. The las t  of the vaporized rock constituents to condense in 

the presence of s team would be residual  amounts of the alkali metals  and s i l ica .  

(See  ea r l i c r  section oti Mineral Content of Steam.) The  principal alkali  vapor 

species  a r c  believed to  b e  NaOII(g) and KOH(g) uridcr the above cuiiditioils. 
I 4, I ,  

The 

condensed forms a r e  probably carbonates and s i l icates  that can he assumed,  for  

purposes of thermodynamic calculations, to be Na Si 0 Na Si03,  K 2 C 0 3 ,  2 2 5' 2 

K2Si409, and K2Si205. The compound Na2C03 is  not s table  under the conditions 

considered he re .  Whether an alkali condenses a s  a carbonate o r  r eac t s  with a 

rock to form a s i l icate  will depend upon the partial  p r e s s u r e  of CO in the gas  

and upon kinetic factors .  

2 

Condensed NaOH and KOH will not form because of 

their  high vapor p r e s s u r e s  under these conditions. 

thermodynamic data,6-8 and assuming a s t eam p r e s s u r e  of approximately 80 atm, 

the gaseous alkali  hydroxide vapor p r e s s u r e  is calculated to be approximately 10 

Based on  available 

-3  atm 

a t  1500°K. The  vapor p r e s s u r e  of volatile silicon hydroxide spec ies  under these 

.8, 

' T h e  s t eam p r e s s u r e  in the cavity will depend upon the amount of water  in 

the rock and the depth of the explosion. A s t eam p r e s s u r e  of 80 a tm a t  a cavity 

tempera ture  of 1500°K is obtained if it is assumed that the rock contains e i ther  

3 wtf%, water  a t  0.5 km depth o r  1 wt% at 3 km and that 1 .2  X 10 k g  o f  rock lose 9 

water  p e r  Mt  of yield. 

at 3 X l o 6  rn3/Mt and 1 X l o 6  m3/Mt. 

The corresponding cavity void volumes a r e  estimated 

.*, .!, ,,. ,,. 
Alkali chlorides a r e  a l so  believed to be  very  volatile, especially in the 

4 presence  of s team.  Data a r e  not available, however, on  volatilities of these 

/ - \  
chlorides in rock melts  at  the low chlorine concentrations (- 100 ppm) typically 

"Irrrr) found in igneous rocks.  
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-3  conditions exceeds 10 

s i l icate  formation. Thus, e i ther  gas-sur face  react ions o r  gas-gas  react ions 

can occur, which will Lead to la te- t ime condensation of alkali  s i l icates  and 

carbonates a t  temperatures  of about 1500°K o r  l e s s .  

atm' so that direct  gas-phase reactions can a l so  lead to 

Assuming that the vapor phase contains a total of a tm of alkali 

hydroxide molecules such a s  NaOH(g) and KOH(g) ,  i n  a volume of l o 6  m3 means 

that about 2 x 10 

1500°K. This  rough est imate  of la te- t ime condensate can be compared in Table  3 

with the amounts of potentially available volatile gamma emi t t e r s  f rom 1 Mt of 

all-fission explosives. 

a r e  low compared to the total amount of late-t ime condensate. 

potentially volatile species  listed in Table  3, with the exception of permanent 

gases ,  a r e  proposed to be associated with the la te- t ime condensation of alkali 

s i l icates  and carbonates.  It  i s  fur ther  assumed that this condensation occurs  

over a t ime sca l e  of minutes. 

i t  w i l l  probably extend into the chimney region and coat rock sur faces .  

4 g-atoms of alkali will condense at  t empera tures  below about 

It is apparent that the concentrations of radionuclides 

All of the 

Because of the la te- t ime nature of this condensate, 

Powerpl an t Operat ion 

Some predictions can be made of the volatilities of the gamma emi t te rs  

listed in Table  3 under powerplant conditions. 

chimney is assumed to be a t  80 a t m  and 623°K. 

The  s t eam produced in the nuclear  

Volatilities of NaCl, KCL, and NaOH in s t eam under the conditions of 

- 10 
interest  were studied by Spillner : volatilities of NaC1.and NaOH were  studied by 

1 1 1  

Straub.' Results of the studies have been examined by Elliott." The resu l t s  of @ 
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Straub and Spillner a r e  reasonably consistent €or NaCl, and KCL appears  to 

have an identical volatility. 

halide par t ia l  p re s su res  i n  s t eam a r e  approximately 1 X 

pure halide sa l t s .  

At 80 a tm s team p r e s s u r e  and 623"K, the alkali  

a t m  above the 

For pure liquid NaOH, Spillner found the partial  p r e s s u r e  

- 3  of gaseous alkali hydroxide to be about 1 X 10 

Straub worked only with water solutions o f  NaOlI b u t  rioted that the NaOII  

volatilities in s t eam were higher than for  identical concentrations of NaCl in 

water.  

of alkali  halides and hydroxides u n d e r  these conditions a r e  very complex. 

tentatively proposed species  such a s  NaCl 7H20(g)  and NaOH * 7H20(g) .  

Although a positive identification of these species  has  not been made, they a r e  

useful in showing the marked dependence (-7th power) of alkali  halide and 

hydroxide volatilities on s team p res su re .  

expected to  be important at  much higher tempera tures  as, fo r  example, a t  

150OoK, where s imple r  molecules such a s  NaCL(g) o r  NaOH(g) would be expected 

to predominate. 

a tm under these s team conditions. 

Elliott showed that the gaseous species  accounting fo r  the volatilities 

He 

Such complex spec ies  would not be 

In the nuclear chimney, alkali  hydroxides a r e  not s table  a s  condensed 

phases, although alkali  halides may be. 

phases, they would contribute about 1 X 

Any gaseous alkali hydroxides that a r e  transported into the chimney a s  par t  of 

the la te- t ime condensate a r e  predicted to  form ei ther  condensed s i l icates  

or carbonates.  

studied by Spillner. 

If alkali hal ides  a r e  present  a s  pure  

a tm part ia l  p r e s s u r e  to the s t eam.  

They would thus have a lower NaOH activity than the pure NaOH 

- 
The thermochemical NaOH activity in the rock can be estimated by 

comparing the calculated vapor p r e s s u r e  of NaOH(g) f rom a reaction such as, 
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Na2SiOg(glass) + H20(g)  = 1 Na2Si205(glass)  + NaOH(g), 

with the NaOH(g) vapor p re s su re  over  pure NaOH(1). 

thus found to be 1.3 X l o V 2 .  

volatility of pure NaOH in s team gives a value of about 

volatility in s t eam above the sodium si l icates .  

The activity of NaOH(1) is  

Applying this factor to Spi l lner 's  value f o r  the 

a tm for  the sodium 

I t  does not s e e m  fruitful  at  this t ime to pursue a more  complete 

consideration of the possible volatility reactions that can occur.  

metals  w i l l  al l  be assumed to have about the s a m e  volatilities, e i ther  a s  hydrated 

halide or hydroxide species,  with a par t ia l  p r e s s u r e  of 10 to a tm a t  80 a t m  

The alkali  

-5 

s t eam p r e s s u r e  and 623°K. 

It should be noted that the alkali partial  p r e s s u r e  at a constant 80 a t m  s t r e a m  p r e s s u r e  

dec reases  by only about a fac tor  of 10 to 100 in going f rom 1500 to 623°K. This  

means that about 2.5 to 25T of the alkali s t i l l  remains  in the gaseous s ta te  a f te r  

cooling f rom 1500 to 623"K, if concentrations a r e  calculated according to the 

ideal gas law. There  is quite a change in the types of gaseous spec ies  at  the 

t w o  tempera tures .  

at 623°K species  such a s  NaOH - 7 H 2 0 ( g )  a r e  believed to be important. 

W h e r e a s  a t  1500°K species  such as NaOH(g) are important, 

The radioactive cesium, as a f i r s t  approximation, may be expected to form 

an ideal mixture  with the principal alkali metal  constituents e i ther  in the gas 

phase o r  in la te- t ime condensate. Thus, a s  much a s  25% of the radioactive 

cesium may be  present  in the gaseous s ta te  in a nuclear  chimney a t  80 a t m  s t eam 

p res su re  and 623°K. 

behave in a s imi l a r  manner .  

Any other radioactive alkali  species ,  such a s  22Na, should 

4 

Some complicating factors  need to be considered. F i r s t ,  it i s  recognized 

137 that C s  has  volatile p recu r so r s  that exist  during part ,  if not all,  of the 
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ear ly  condensation period. 

13*1 with a 6-sec half life, and 137Xe with a 3.9-min half life. 

explanation of the disposition of the 137Cs might be to a s s u m e  that a portion of 

Known p recu r so r s  a r e  l g 7 1  with a 24-sec half l ife,  

A more  rea l i s t ic  

the 1371 and 1381 isotopes become entrapped in the alkali  s i l i ca te  or carbonate 

mat r ix  during the ear ly  s tages  of late-t ime condensation, but that most  of the 

mater ia l  migra tes  Further up the chimney to convert  to 137Xe and finally 

condenses a s  it converts to 137Cs. Thus, the final condensate will be fur ther  

f r o m  the puddle region and more  highly enriched in 137Cs relat ive to the alkali 

matr ix .  In  the region in which the 137Cs is enriched in the condensate, it will 

tend to f o r m  a carbonate r a the r  than a s i l icate .  Although thermodynamic data 

a r e  not available on cesium si l icates ,  the thermodynamic s tabi l i t ies  of alkali 

carbonates a r e  known to increase  relative to the s i l icates  a s  the atomic number 

of the alkali increases .  6’8 In the carbonate form,  the ces ium volatility will be 

lowered by about 2 to 3 orde r s  of magnitude relat ive to the s i l i ca te  for  

ra t ios  in the range of 1 to 1000. PH20iPC O2 

A s  s t eam is extracted From the chimney, the radioactive alkali  content of 

the s team should vary qualitatively a s  follows. Initially, the radioactive content 

of the s team will be high, probably not a s  high a s  expected on the bas i s  of ideal 

mixing, but r a t h e r  of the o r d e r  of 1% of the total radioactive alkali.  

initial extraction, the 137Cs would be expected to be proportionately lower in 

s t eam (compared to 134Cs and 2 2 N a )  than its abundance would indicate, a s  a 

During the 

consequence of carbonate formation. A s  s team flow progresses ,  the 134cs 
and 22Na, which a r e  expected to be present as s i l icates ,  should volatilize f i r s t ,  

leading to a gradual decline in the total radioactive alkali content of the s t eam 
- 

a n d  a n  enrichment of the proportion of 137Cs in the gaseous radioactive alkali.  

A t  late times, the main spec ies  should be 137Cs, which would or iginate  f rom 

decomposition of a carbonate phase. 
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c 

In  the cases  of l o 3 R u  and 10611u, the volatile spec ies  in the presence  O C  

s t cam a r e  not known, s o  a calculation cannot be made. 

obscrvations do indicate the presence o f  these isotopes in  the chimney region 

i n  some nuclear events, although the behavior is e r r a t i c .  

103Hu has  62-sec half- l i fe  lo3Mo and 50-sec half-life 

while '06Ru has  37-sec half- l i fe  l o 6 T c  a s  i ts  p recu r so r .  

to be volatile in  s t eam a s  Mo02(OH)2(g) under oxidizing conditions, and it may 

be speculated that technetium is  volatile a s  Tc03(OH)(g)  by analogy with rhenium, 

Ruthenium might a l so  be expected to form volatile spec ies  such a s  RuO (OH) (g).  2 2 

According to calculations based on estimated data given by Jackson,12 the lower 

oxygen-content species ,  RuOH(g) and Ru(OH)Z(g), a r e  unimportant. 

experience by Rlasewitz and Mendel13 a t  Battelle-Northwest i n  calcining of 

ni t ra te  solutions of radioactive wastes shows that ruthenium volatility increases  

as a function of hydrogen ion concentration. 

a s  indicating that the ruthenium volatility is  a function of oxygen par t ia l  p r e s s u r e  

s ince the HN03 present  in the acid solutions would decompose to produce oxygen 

during calcining. 

Itadiochemical 

The  radionuclide 

T c  a s  precursors ,  103 

Molybdenum is  known 

12 

Also, 

Thei r  r e su l t s  can a l so  be interpreted 

Qualitatively, it may be speculated that under neutral  conditions, where the 

oxygen par t ia l  p r e s s u r e  is determined only by the dissociation of s team, spec ies  

such as M 0 0 ~ ( 0 H ) ~ ( g ) ,  Tc03(OH)(g),  and Ru02(0H)2(g )  a r e  probably volatile a t  

1500°K. 

volatilities of these species  will drop. 

i t  is anticipated that the volatilities of l o 3 R u  and  l o 6 R u  will be very low under 

reducing conditions and probably low under neutral  conditions, but may be high 

under oxidizing conditions. 

If significant amounts of hydrogen a r e  produced by the explosion, the 

At  623°K and 80 a t m  of s t eam pressure ,  

* 



- 1 7 -  

The p recu r so r s  for 125Sb a r e  9.4-day half-life 125Sn and 9.7-min half-life 

. Tin and antimony undoubtedly have volatile hydroxides, but the i r  1 2  5mSn 

molecular spec ies  and thermodynamic data a r e  bot present ly  known. 

radionucl ide 127mTe has  2.1-hr half-life 127Sn and 93-hr half-life 127Sb as its  

p recu r so r s .  

Fortunately, 127mTe is much less  important than the other fission products 

cons idered. 

The 

1 2  Tel lur ium is believed to f o r m  TeO(OH)2(g), which is quite volatile. 

The  order  -of-magnitude nature of the volatility calculations used h e r e  

The pr imary  objective has  been to make reasonable should be emphasized. 

es t imates  of the concentration of volatile gamma-emitt ing spec ies  in the s team.  

A s  experimental  information becomes available, these conclusions may change. 

The radionuclides 137Cs and 125Sb may be l e s s  volatile than anticipated, o r  at 

least  l e s s  available in the chimney region for  volatilization to occur.  

activit ies that have been considered re f rac tory  h e r e  may actually be more  

significant. 

in the laboratory and the field before they can be defined accurately.  

Other 

It  i s  c l ea r  that these complex chemical interactions must  be studied 

NONCONDENSIBLE GASES IN STEAM 

Chemical Analyses of Geothermal Fluids 

T o  evaluate the cor ros ion  behavior of geothermal s team,  an a s ses smen t  

must be made of the impurit ies present  in the rocks  and source  waters  of the 

wells. It may then be possible to der ive some conclusions concerning the 

condensible and noncondensibte impurit ies picked up by the s t eam and the 

I 

@ 
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chemical efrects o f  these impurit ies on the s team-turbine sys tem.  

the information on corrosion and scaling is, of necessity,  based on experience 

with natural  geothermal wells. Caution needs to be exercised in extrapolating 

this information to the nuclear case  because different s t eam conditions and 

geology may prevail  for the nuclear wells. 

Much of‘ 

Chemical analyses of geothermal well waters  f rom Iceland and New Zealand 

Geothermal s t eam analyses and  surface waters from Chile a r e  shown in Table 4 .  

f rom several sources  a r e  shown in Table 5. Except fo r  the Showa-shinzan 

Volcano,14 analyses were taken from various repor t s  in the 1 9 6 1  Proceedings of 

the United Nations Conference on New Sources of Energy. 15-20 A number of 

minor constituents have not been included in the tables.  

a r e  pr imar i ly  igneous in origin. 

The rock types represented 

In  Table 4, analyses for  solutes that can form gaseous products a r e  not 

representat ive of the actual solute concentrations in the underground well waters 

because of losses  incurred during separation of the geothermal waters  f rom 

s team.  

phase, whereas nonvolatile solutes tend to concentrate in the water.  

example, the actual C 0 2  content of Wairakei, New Zealand, well waters  is about 

200  to 600 ppm in the underground condition, and f o r  Waiotapu, New Zealand, it 

is about 800 to 2500 pprn , l8  a s  compared with the much lower values for  HCO- 

and COS listed in Table 4 .  

During the separation, volatile solutes tend to concentrate in the s t eam 

As an  

3 

Corrosion of Materials 
I 

Tables 4 and 5 show that substances known to cause corrosion a r e  present  

in significant amounts. Similar  substances may be anticipated f o r  the nuclear case.  
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Whether o r  not corrosion and scaling re.actions actually occur  will depend on 

thc specific conditions in each case .  Chlorides, NIJ3, C 0 2 ,  and  IlzS a r e  known 

to be cor ros ive  to metals in certain instances.  Steam and hot water a r e  

cor ros ive  to a l l  s i l icate  mater ia l s  such a s  grouting in pipe joints, reinforced 

concrete  pipes or tanks, and s i l icate  f i l ter  beds.  

e i ther  be avoided o r  protected with suitable coatings. 

A l l  such mater ia l s  should 

Scaling (or  deposition) 

may occur  in pipes, turbines, or condensers a s  a consequence of volatile 

impurit ies in the s team such a s  the chlorides, hydroxides, carbonates,  sulfates,  

and s i l icates  of the alkalies, calcium carbonate, and s i l ica .  Noncondensible 

impurit ies in the s team such a s  COz, H2S, H2, and CH3, may not necessar i ly  

be corrosive,  but wi l l  need to be exhausted f r o m  the turbine discharge in o r d e r  

to have an efficient turbine operation. 

A limited amount of information is  available on the cor ros ion  res i s tance  of 

common alloys and other mater ia l s  to geothermal 1'22 The alloys 

most  res i s tan t  to corrosion a r e  found to be titanium, austenit ic s ta in less  s tee ls ,  

and chromium-plated s tee ls .  Epoxy res ins  a r e  found to  be r e s i s t an t  to cor ros ion  

at tempera tures  up to 373°K. T e s t s  have been performed on alloy coupons with 

water  a t  3 2 3  to 513°K and with s t eam a t  373  to 473°K for  periods up to 150 days.  

Although a wide variety of corrosion mechanisms has  been identified, 

the most s e r ious  in alloys is  probably stress corrosion.  It i s  known that s t r e s s  

cor ros ion  can be induced by t race  amounts of e i ther  chlorides o r  sulfides and 

can lead to formation of f i s s u r e s  and f rac tures  in a var ie ty  of alloys that a r e  

used in the construction of turbines.  A minimum concentration and tempera ture  
.I 

requirement  for chloride s t r e s s  corrosion is  believed to be 5 ppm of' chlorides 

a t  323°K. The presence  of oxygen acce lera tes  the r a t e  of s t r e s s  corrosion.  
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There  is  no limiting s t r e s s  below which cracking will not occur .  

induced stress cracking can occur in the presence of H S a t  t empera tures  up 

to at  least  463°K.  

infusion, which can lead to the embrit t lement,  hl is  tering, and f rac ture  of 

s ta in less  s tee I s .  

Sulfide- 

2 

The gas, H2S,also causes  a phenomenon known as hydrogen 

Other corrosion mechanisms that should be mentioned a r e  chemical 

corrosion and mechanLca1 erosion. 

presence of NH3, I12S, C02 ,  and chlorides in geothermal s team.  In special  

c i rcumstances,  such as in ear ly  experiences a t  The Geysers ,  m e r c u r y  may 

a l so  be present  a s  a cor ros ive  agent. 

chemicals  is enhanced by the presence of a i r .  Chemical cor ros ion  has  been 

minimized or avoided in most  natural  geothermal powerplants by the proper  

selection of alloys and by avoiding aeration. At the higher  s t e a m  p r e s s u r e s  

a n d  tempera tures  proposed for the nuclear application, however, chemical 

corrosion may be a more  ser ious  problem. 

Chemical corrosion can occur f rom the 

Generally, the co r ros ive  action of these 

The problem of mechanical erosion is encountered when wet s t eam at high 

velocities impinges on the turbine blades. Such impingement can lead to a 

combined corrosion-erosion process  that can ser ious ly  damage the turbine 

blades. 

through the use of 13 Cr-s ta in less  s tee l  alloys. 

A cer ta in  amount of success  has  been achieved in erosion res i s tance  

The  experiences gained on corrosion and scal ing in natural  geothermal  

powerplants make it apparent that s i m i l a r  problems are  likely to be encountered 

in the nuclear case.  

exposure tes t s  on alloy coupons in geothermal s t eam and water under the proposed 

nuclear-application conditions. It  is important in such tes t s  that  the compositions 

These problems can be explored m o r e  fully by performing 
a 
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of the s t eam and the water  be representat ive of the par t icu lar  geothermal  

formation. 

or ,  lacking an actual well, it may be possible to inFer the impurit ies to be 

expected in the s team f r o m  analyses of core  samples  f rom the formation. 

Steam taken direct ly  f r o m  a nuclear  well would be most  des i rab le  

I t  

s e e m s  likely, a s  has  been the c a s e  for natural  geothermal  wells, 8> that 

suitable alloys a n d  other  construction mater ia l s  for  turbine sys t ems  can be 

found through such screening tes t s .  
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TABLE 1. Distribution rat ios  for  s i l ica  between s team a n d  water a n d  s i l i ca  

contents of nuclear cavity s team before and  a f te r  scrubbing. 

Steam temperature ,  OK 
524 569 58 5 623 

~ ~ _ _ ~  ~~ ~~~ 

Saturation pressure ,  a tm 4 0  80 100 163 

Cst/Cw rat io  1.0 x  IO-^ 5 x loo3 9 x 5 x 10-2  

S i 0  in cavity s team, ppm 1.7 7 12  50 2 

2 S i 0  in scrubbed s team, ppm 0.0017 0.03 5 0.11 2.5 
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c 

‘J?AIZL,li: 2. L’otcntially v o l a t i l e  r a d i o a c t i v e  n u c l  i d c s  p r e s e r i t  1 I I O  clays al’ter a 

1 - M t  n u c l e a r  explos ion .  

F i s s i o n  F u s i o n  ( 3 - k t  f i s s i o n )  
Nucl ide  I l a l f - l i f e  k C i  M e V / s e c  k C i  M e V / s e c  

F i s s i o n  p r o d u c t s  

8 5 K r  10.7 y 1 9  1.41 X 1 0 l 2  0.057 4.2 X 10“ 

1031<u 40 d 1150 2.1 x 1 0 l 6  3.45 6.3 x 

106Ru 1 y 1000 3.37 x 3 .O 1 x 

5Sb 2.7 y 60 9.6 x 0.18 2.9 x 1oI2 

109 d 90 6.7 X lo1’ 0.27 2.0 x l o o  127mTe  

137cs 30 Y 180 3.8 x 0.54 1.14 x 

a 
Induced  a c t i v i t y  in s o i l  

- 3H 12.3 y 220 

32P 14.3 d 2 

- - 22Na  2.6 y 

c 

20,29Ob - 
13  0.6 4.9 x 10 

2.5 - 

S 8 8  d 2 9  - 40.0 - 3 5  

z 3 7 A r  3 5  d 70 200 - 

1.0 x 134cs 2 Y  14 7.8 x 18.3 

aThe a m o u n t s  of t h e s e  a c t i v i t i e s  a re  d e r i v e d  from d i r e c t  l i n e a r  s c a l i n g  o f  

a m o u n t s  p r o d u c e d  by 50-kt  f i s s i o n  a n d  f u s i o n  d e v i c e s  as c a l c u l a t c d  by , I .  (;reen 

a n d  li. L e s s l e r  ( L a w r e n c e  1 , i v e r m o r e  L a b o r a t o r y  p r i v a t e  c o m m u n i c a t i o n  t o  

1-1. 13. Levy,4 1970) .  

bTo the 290 k C i  of so i l - induced  activity has b e e n  added the r e s i d u a l  t r i t i u m  
8 

f rom the t h e r m o n u c l e a r  fue l .  

yield,  t h i s  is a n  addi t iona l  20,000 kCi .  

Assuming 2 g of r e s i d u a l  tritium per  kt of f u s i o n  

5 
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TARLF: 3. Relative volatilities i n  s t eam af te r  180 days of potentially volatile 

gamma emi t te rs  produced by a 1-Mt fission explosiorr j r i  igneous 

r o c k .  

Nuclide, 
Nuc 1 itlc g-atoms Volatility i t )  s team, 130 atrn a t  G23"Ji 

i3 5 K r  0.57 Permanent  gas  

0.35 Oxid iz ing - high 
Reducing - low 

'O6Ku ( lo6Rh)  2.8 Oxidizing - high 

125Sb 0.45 Probab  ly high 

127mTe 0.075 High 

137cs 15.1 Initially high, c2cLining with t ime, 

1 0 3 1 u  

Reducing - low 

c02 
dec reases  volatility, C1- increases  

volat i l  i ty 

134cs 0.08 S imi la r  to 1 3 7 ~ s  
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TABLE 4. Chemical analyses of geothermal waters f rom severa l  sources .  

'l'otal sol i ( ls  ( p p m )  ! ) I  :'I 2030 -5000 -:Jl r,00 - 2:;5 

174 500 1285 I: 2 5 - I S ! \  t 
Nzi 

I.; 

NI l 4  

1 .-I 

0 .o 

10 G 8 20 1 122 - t 

- 0.1 0 .o 0.2 I .O t t, 

Mg' ' 0 .o 0.5 2.6 3.5 - 0 .:i 

C a t '  2.8 8.7 1 2  !I 7 -2:i 1 . ! I  

1 1  H 0 3  4.9 0.7 160 8 5  GO-1050 0 .:< 

A1 '-+ 0.4 0.1 - - ii-l!) 0 . 1 

[;e+++ 0.1 0.0 - - 3-27 0 .o 

3 

Si02  

c1- 

283 425 602 

152 735 2178 
b 

1 ICO, 24 0 71 
.b c 0, 57 50 35  

470 1 l - : i f ;  12 f i  

:Jl 0 13110 - 

- 
SO4 72 67 34 52 - 17 

- 
;I Siirl'a(.c wa te r s .  

bAt ta lyscs  I'or total amnionia ,  carhori dioxide,  and II S wi l l  vary  ac:cortlirtg tci tltc: rnc:tItorl usc;tl 

T h e  va lues  de te rmined  t)y chemica l  ar ia lyses  a r e  l o w e r  tliari tlic 

2 

to  s e p a r a t e  water  f r o m  s t e a m .  

ac tua l  concent ra t ions  i n  t h e  underground water .  
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F I G U R E  CAPTIONS 

Fig. 1. Tempera ture  and p res su re  dependence of s i l ica  concentrations i n  

s team a n d  s team-saturated water equi1it)ratetJ with si1 ic:a gel. 
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