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ABSTRACT 

The four  s t a i n l e s s  s t e e l  tubea steam generators i n  t h e  Shippingport Atomic 

Power Stat ion.were replaced i n  1964 with l a rge r ,  hor izon ta l ,  NiCrFe Alloy 600 

tubed un i t s  consis tent  with a power uprating of t h e  p l an t .  Each of t h e  

four  Alloy 600 tubea u n i t s  experienced tube leakage attributes t o  corrosion 

by water treatment chemicals (sodium phosphates) which concentrated l o c a l l y  

on t h e  tubes i n  inaaequately f lushea crevices .  cor rec t ive  and preventive 

act ions  included tube plugging, flow blockage, conversion t o  a l l - v o l a t i l e  

(hyarazine-morpholine) chemistry and replacement' of t h e  two steam generators 

with t h e  s t r a i g h t  tube design.  Eaay current  inspect ion a f t e r  four  years 'of 

a l l - v o l a t i l e  chemistry use showea a diminishes r a t e  of crevice corrosion 

and no tube denting. 

INTRODUCTION 

Backgrouna 

The Shippingport Atomic Power S t a t i on ,  a -pressurizecl water reac to r  p l an t ,  

cokencea power operations i n  December 1957, u t i l i z i n g  four  steam generators 

tubea with Type 304 s t a i n l e s s  s t e e l .  Tube leakage occurred i n  t h e  o r i g ina l  

1B stai.nless s t e e l  tubea steam generator following t h e  i n i t i a l  operat ing 

period. The leakage was caused by s t r e s s  corrosion cracking at tr ibuteci  ( 1 )  

t o  t h e  inaavertent ,  presence of low l eve l s  (up t o  10 ppm) of f r e e  caus t i c  

i n  t h e  b o i l e r  water and l o c a l  steam blanketed regions whch  permittea 

concentrat ion of t h e  caus t i c .  Leaking tubes were plugged, add i t iona l  steam 

r i s e r s  were addea, ana operations continued with t h e  s t a i n l e s s  s t e e l  tubea 

steam generators u n t i l  they  were replacea i n  1964 M t h ' l a r g e r  u n i t s  a s  pa r t  

of p lan t  r e fue l ing  and power uprating.  No add i t iona l  leaks  occurrea i n  t h e  
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period between 1958 ana 1964, although examination of tubes from the  

removea 1B steam generator showed t h a t  there was extensive s t r e s s  corrosion , 

cracking. The post removal examination confirmea the  pr ior  conclusion t h a t  

t h e  s t r e s s  corrosion cracking was a t t r ibuted  t o  the  presence of f ree caustic 

(2)  during t h e  i n i t i a l  operating period i n  1957 . 

1n.conjunction with i n s t a l l a t i o n  of a new core aesign i n  1964, the s ta in less  

s t e e l  steam generators were replaced with four, larger  uni t s  containing 

NiCrFe Alloy 600 tubes t o  accommoaate an increased power rat ing fo r  the  

Stat ion.  Plant operations resumed i n  1965 ana continued using the  replacement 

steam generators u n t i l  1974 when the  plant was shut down for  modifications i n  

support of the  Light water' Breeder Reactor. During the  plant shutdown, the  

two s t r a igh t  tubed heat exchangers were replaced with available spare units 

of ident ica l  design. Power operations with the  Light Water Breeder 

Reactor were resumed i n  September 1977. 

D u r i r g  t h e  period 1965-19'71, steam generator tube leakage occurrea i n  each of 

t h e  four NiCrFe Alloy 600 tubea replacement uni ts .  The his tory of tube 

leakage, t he  causes of t h e  tube damage, the e f fec ts  of secondary water 

chemistry and steam generator aesign, and corrective ana preventive actions 

a re  described i n  t h i s  paper. 

Stcam Ccncrator Dcoign 

The four replacement Alloy 600 tubed steam generators ins ta l led  i n  1964 

were of two types. The major character is t ics  of each'type are: 

Steam Generator Tube Bundle Tube Bundle . Support Plate 
Desigrlatiorl Orientation Type Hole Geometry 

IA,  I D  Horizontal Straight-Tube Cylindrical 

IB, 1C Horizonta'l U-Bena Hourglass ( ~ o u b l e  
Chamfer - see Fig. 2) 



The arrangement of the  1A and I D  s t ra ight  tube uni t s  i s  shown schematically 

i n  Figure 1 .  The arrangement fo r  the  1B and 1C steam generators i s  s imilar ,  

except t h a t  t he  tubes are  U-shaped. A l l  steam generators are  of the  natural  

recirculat ion type and have separate steam drums with external r i s e r s  and 

aowncomers. Design parameters f o r  the  steam generators a re  given i n  Table I. 

An important difference i n  the  design of the  two types of steam generators 

i s  the  geometry of the  annular crevice formed between the suppod plate  hole 

and the  tube. The support plate  crevice region designs fo r  the  two types of 

units are  shown i n  Figure 2. Crevices and flow blocked-regions are  formed 

between the  tubes of the U-bend steam generators ( I B  and I C )  and the. loop 

end support s t raps,  Figure 3. 

Plant Operating History 

The nominal plant operating conditions a re  given i n  Table I. Variations i n  

primary plant temperature which occurred, primarily f o r  t e s t  purposes, 

were as follows: 

Period Ave. Temp. OF 

Nov. I 964-Aug. I 966 536 

To September 1966 500 

To January I 969 475 

To February 1974 536 

Variations i n  plant average power level  a lso occurred because o'f changes 

i n  power demands. These average power level  variations are  summarizes 

below: 



Period 

A.pproximate Equivalent 
Plant Average Ful l  ,Power Hours (EFPH) 
Power Level I n  Period 

Apri l  1965-~arly 1968 45% 11,200 

To March 1969 

To July 19'/0 

To May 1971 35% 2,000 

October 1972 t o  1974 20%* 4, ?no 

Secondary Water Chemistry Control 
. .. 

Secondary water chemistry con.trn1 fnr  the ~ ~ l c l y  600 t ~ ~ b e a   toa am gcncratora, 

from t h e i r  i n i t i a l  operations i n  April  1965 t o  August 1966, was maintained 

with cooraillatea phosphate plus hydrazins a m  ~ n o r ~ h o l i n e ' ~ ) .  The chemistry 

specif icat ions were: 

Boiler Wa-t;er Specification Chewcal Additive 

Phosphate .I 00 t o  300 pp111 Disodium phosphate 

PH 10.6 t o  11  .0 , Trisodium phosphate 

Chloride 0.5 ppm, max. 

S i l ~ c a  25 ppm, max. 

Total Dissolvea Solids 1000 ppm, max. 

Conciuctivity Less than I 5  mhos/cm. r 
Chloride 0.3 ppm, max. 

Amrnoni a 2.0 ppm, max. 

Feedwater 

Hydrazine 1.5 x O2 conc. Hydrazine 

(0.005 pprn min. O2 
conc. assumea) 

*During the  period of low (20% average) power, the  plant was operatea normally a t  
s e l f  sustaining power with power increased f o r  absut 14  hours each day t o  40-67% 
and then reducea t o  self-sustaining power. 



In order to minimize solids accumulation in the steam generators, the 

boiler water specifications were changed in August 1966 to reduce the 

phosphate concentration to a range of 5 to 100 ppm, and.to use a pH of 

9.5 or greater. . A  low level of phosphate was maintained in the boiler 

water to provide a buffer.in the event of a condenser leak. pH was 

maintained at least 0.1 units below the Whirl-Purcell curve for trisoaium 

phosphate to avoid free cau~tic'~). An additional specification was 

added for full wet layup to proviae for a hydrazine residual of 50 to 100 

ppm in the boiler water, and pH of'lO.0 to 11.0. In April 1970 the minimum 

phosphate level was increased from 5 to 10 ppm,and the margin to the Whirl- 

Purcell curve was increased from 0.1 to 0..3 pH units. Chemistry control 

was maintained by this method until May 1971, when phosphate addition was 

discontinued because it was considered to be a contributor to steam generator 

tube corrosion within the cylindrical, drilled support plate holes in the 

straight tube units. 

The control of secondary chemistry during the periou of phosphate treatment 

was good. ~oaiurn to phosphate molar ratios averaged 2.3 to 2.4 in the 

1 boiler water. The sodium to phosphate ratio of the treatment chemicals 

added was about 2.7. Occasional excursions of the N~/PO~ ratio in the 

boiler water to values of 3.0 were observed, but these were quickly 

correctea. There was no occurrence of major condenser cooling water 

in-leakage. Immediate action was taken to correct the infrequent.higher 

than specification chloride concentrations in the boiler water. Morpholine 

and hydrazine were continuously injected, and the morpholine concentration 

in the condensate ranged from 0.5 to 3.0 ppm. Hycirazine concentrations 

. . 
' were monitored in the boiler water ana typically ranged from 10 to 100 ppb. 



All-volatile (hydrazine-morpholine) treatment was implemented in May 1971 

in place of the phosphate-hydrazine-morpholine treatment.. Secondary water 

chemistry control with all-volatile treatment is continuing auring operations 

with the Light Water Breeaer Reactor. A maximum boiler water conauctivity 

limit of 10/Umho/cm was imposed to provide adaitional control against the 
' 

presence of unaesirable contaminants such as caustic, chlorides or hard 

scale forming materials. The conversion from the phosphate-hyarazine- 

morpholine to all-volatile treatment was accomplished initially in April 

1971 by draining and refilling the steam generators. After three days of 

operation, phosphate additions were resumed. In May 1971 the steam 

generators were again converted to all-volatile chemistry, ana phosphate 

was removea by blowdowns from hot stanaby. High concentrations of 

phosphate occurred in the boiler,water auring the first week following 

conversion. Blowdowns were performed as necessary to reduce phosphate 

concentrations. The range of phosphate concentrations f'or the one month 

period folloWing conversion (lviay 19'71 through June 1.9'('1) was: 

Steam Generator 
Range of Phosphate Concentration, ppm 

( ~ a y  1971-June 1971) . 

Low concentrations of phosphate, up to 4.6 ppm, persistea through October 

1971; and from October 1971 through mid-November 1973, phosphate concentrations 
I 

averaged 0.3 ppm with a maximum of I .I ppm. After November 1973, phosphates 

were no longer monitored. 
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Chloride concentrations in the boiler water were normally within 

specification ((0.5 ppm), but occasional out of specification values 

occilrrecl. The average chloride concentration was 0.2 .ppm in the boiler 

water during the 1971 'to 1974 perioa with all-volatile treatment. Since 

resumpt+on of operations in September 1977, chloride concentrations have 

been maintained at 0.1 ppm or less. The maximum chloride aetected during 

the period of operation with all-volatile treatment was 1.5 ppm in the 1C 

steam generator. Chloride was removed by blowaown, but was higher than 

specification for about twenty-four hours. In general, the control of 

secondary chemistry during the perioa of all-volatile treatment was good. 

The conversion of Shippingport steam generators from phosphate-hyarazine- 

morpholine to hydrazine-morpholine (all-volatile) chemistry aid not result 

in severe tube corrosion or support plate corrosion after four years of 

additional operation based on'eddy current inspection of the removed ID 

unit in 1975.. Cleaning of Shippingport steam generators was not perfomea 

prior to chemistry conversion. This conversion was done prior to the wide- 

spread corrosion problems observea in commercial plant steam generators 

fol.l.owing conversion from phosphate to all-volatile chemistry. In ligllt 

of current corrosion concerns, particularly with plants having chloriae 

in-leakage to the steam generators, the neea for special precautions prior 

to conversion should be evaluated on a case basis for the individual steam 

generator design and operating history. For example, steam generator cleaning 

could he perfomea to minimize residual phosphate levels in the boiler water 

as experienced following Shippingport conversion. 

The all-volatilt! ctiemis.t;ry specifications for Shippingport, and typical 

operating values for the boiler water, are shown below. 
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-BOILER WATER 

Cola Wet Layup 

Hydrazine, ppm 

PH 

.Specific Conauctivity, 
/L( mho/cm 

Chloride, ppm 

St ea.mi.ng,/FTnt, Skannhy 

Hyarazine, ppm 

PH 

Specific Conauctivity, 
4 mho/cm 
i 

Chloride, ppm 

Si02, PPm 

FEED WATrn 

Morpholine, ppm 

Hydrazine 

Conductivity, ,, I( . . mhos 

Chloride, ppm 

Average Range of 
Specification Measurea Value Values 

30 max. I 8 2- 30 

0.5 rn3.x. 0.12 40.05-0.25 

Detectable 0.06 0.001-0.4 

8.0 min. 8.7 7.1-9.8 

10 max. 7'. 6 3.6-17.3 

0.5 max. 0.2 c 0.05-0.5 

25 max. 2.4 0.56-7.2 

1.5 x O2 conc. 

8.5 to 9.3 

7.5 max. 

0.1 max. 

STEILM G m T O R  TUBE CIAMhGE 

U-Tube Steam Generators 

Primary to secondary leakage occurred in the 1B and IC, U-tube steam generators, 

during 1966 and 1967. Ultrasonic inspection showea the tube leakage to be 

located at the apex of the U-bena where.the loop-end support straps have 

maximum lineal contact with the tubes. The ultrasonic inspection showea that 
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t h e  defects  were oriented longi tudinal ly ,  and were up t o  about f i ve  inches 

long. For example, t h e  aefect  i n  t h e  leaking tube i n  t h e  1B steam generator 

i n  August 1966 had an opening 40 t o  60 m i l s  wide and about 4$ inches long. 

A t  f i r s t ' ,  t h e  ae fec t s  and leaks found a t  t h e  loop end support s t r aps  i n  t h e  

1B and 1 C  un i t s  were a t t r i bu t ed  t o  flow inaucea vibrat ion.  A summary of 

t h e  leakage t h a t  occurred ana t h e  number of tubes plugged i s  shown i n  

Table 11. No tubes were removed from t h e  'B ana 1 C  steam generators f o r  

inspection of loop-end region damage. When tube damage subsequently 

occurrea i n  t h e  1A and I D  un i t s  i n  1969-1971 (discussed l a t e r ) ,  these  

e a r l i e r ,  1966-1967 inspection r e s u l t s  from t h e  1B ana 1C loop end support 

regions were reviewed. It was observea t h a t  t h e  tube aamage was ro ta ted  

circumferential ly from t h e  point  of contact  between t h e  loop ena support 

s t r a p  ana t h e  tube,which was not consis tent  with tube v ibra t ion  damage. 

Further,  t h e  cha rac t e r i s t i c s  of t h e  aamage appear s imi la r  (except f o r  t h e  

tube bunale o r ien ta t ion)  t o  those reportea f o r  t h e  loop end support region 

of t h e  ~ i h m s  1 steam generator. As, a r e s u l t ,  it was, concluded t h a t  

corrosion aue t o  concentrated phosphates was t h e  most probable cause of 

t h e  1B ana 1 C  loop end tube damage'. 

Repairs of t h e  1B ana 1 C  steam generators were achievea i n i t i a l l y  by tube 

plugging (1966 ana 1967) and ul t imately  by i n s t a l l a t i o n  of flow blocking 

p l a t e s  (1968) i n  t h e  ou t l e t  plenum t o  'eliminate primary water flow through 

those  tubes having long l i n e a l  contact  between t h e  apex of t h e i r  U-bends 

and . the  loop-ena support s t r aps .  The presence of t h e  flow blocking p l a t e  

prevents heat  t r ans f e r  from these  tubes and concentration of any chemicals 

on t h e  secondary s i ae  i n  t h i s  region. No tube leakage occurred i n  t h e  1B 

ana 1C un i t s  a f t e r  i n s t a l l a t i o n  of t h e  flow blocking p l a t e s .  
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An eddy current inspection was a l so  performed on the  1 C  steam generator i n  

September 1970. Seven indicat ions  of possible defects were reportea,  but 

t hese  appeared only as  d i s to r t i ons  of the  eddy current s ignal  a t  the  f i r s t  

support p l a t e  on t h e  i n l e t  l eg  of s i x  tubes and a t  t he  t h i r d  support p la te  

of t h e  i n l e t  l e g  of the  seventh tube.  Three tubes were removed from the  

1C  steam generator t o  aetermine t h e  cause of t h e  d i s tor ted  eddy current 

s igna ls .  Only one defect ,  with a maximum depth of 3 mils, was fourid on 

t h e  removed tubes a t  a support p l a t e  locat ion,  ana it was concluded t h a t  

no severe phosphate corrosion had occurred i n  these hourglass support 

p l a t e  crevices.  

STRAIGJTP W E  STEAM GENERATORS 

I n  t h e  period from August 1969 t o  January 1971, leakage occurrea i n  the  1A 

and I D  s t r a igh t  tube steam generators.  Eddy current inspections showed t h a t  

defec ts  occurrea only i n  t he  tube t o  tube support p la te  crevice regions. 

The ma,joritg of t h e  defects were found a t  t he  f ~ u r  support p la tes  nearest  

t h e  primary water i n l e t ,  with t h e  maximum concentration of aefects  being a t  

t h e  t h i r d  and fourth  support p la tes .  Support p la tes  are  numbered 1 through 

1 1  s t a r t i n g  a t  t h e  primary water i n l e t  end of the  steam generator (see  

Figure 1 ) .  Figure 4 shows t h e  d i s t r i bu t ion  of defects found a t  t he  t h i r d  

support p l a t e  of t h e  I D  steam generator during the  1969-1970 eddy current 

inspect ions .  A summary of t h e  tube leakage t h a t  occurred i n  t he  1A ana I D  

u n i t s  i s  given i n  Table 111. Leaking tubes were plugged. 

'Pubes were removea from t h e  1U steam generator t o  determine the  cause of the  

damage. Inspection of t h e  removea tubes confirmed t h a t  defects occurrea only 
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w i t h i n  the  support  p l a t e  c r e v i c e  region.  The v i s u a l  appearance and o r i e n t a t i o n  

of d e f e c t s  found a t  the  f i r s t  through f o u r t h  suppor t  p l a t e s  f o r  t he  1 D  steam 

genera tor  i s  shown i n  Figure 5. A t y p i c a l  . d e f e c t ,  w i th  about  20 m i l  depth 

i s  shown i n  Figure 6. The d e f e c t s  on removed tubes were examined i n  d e t a i l  

by metallography and by scanning e l e c t r o n  microscopy. I n  gene ra l ,  t he  d e f e c t s  

appeared t o  be l a r g e  diameter (up t o  1/4 inch) ,  i r r e g u l a r l y  shaped, s teep-  

wal led p i t s ,  c e n t r a l l y  l oca t ed  w i t h i n  the  suppor t  p l a t e  region.  The d e f e c t  

s u r f a c e  was usua l ly  covered by a  t h i n  l a y e r  of a  wh i t i sh  d e p o s i t  having a  

high elemental  phosphorus content ,  presumably a s  phosphate. Where the  d e p o s i t s  

were t h i n  and corroaed metal surfaces  were exposea, it was found t h a t  g ra in  

boundary a t t a c k  and i n t r a g r a i n  p i t t i n g  were v i s i b l e  a s  shown i n  F igures  7 and 8. 

The g r a i n  boundary a t t a c k  was shal low based on meta l lographic  examinations, 

and t h e  pene t r a t ions  were l e s s  than a .  few t e n t h s  of a  g r a i n  i n  depth. 

Metal lographic examinations performed on defec ted  tube s e c t i o n s  showed no 

unusual micros t ruc ture .  Metal lographic s e c t i o n s  through a  leak ing  and non- 

leak ing  d e f e c t  a r e  shown i n  F igure  9. The m e t a l l u r g i c a l  a t t r i b u t e s  and the  

chemical and phys ica l  p r o p e r t i e s  of t he  Alloy 600 tubing were a l l  w i t h i n  

normal ranges. Hence, i t  was concluded t h a t  d e f e c t i v e  m a t e r i a l  was n o t  an  

a s s i g n a b l e  cause of t he  tube damage. The presence of shal low g r a i n  boundary 

a t t a c k  wi th in  the  d e f e c t  suggested t h a t  co r ros ion  was r e spons ib l e  f o r  the  

damage. Reviews of secondary water  t rea tment  records  d id  n o t  show t h e  

presence of any excess ive  contaminants,  such a s  ch lo r ides ,  t h a t  could have 

c o n t r i b u t e d  t o  t h e  damage. Fur ther ,  the  h igh  concen t r a t ions  of phosphorous 

found w i t h i n  the  d e f e c t  suggested t h a t  phosphate was the  chemical spec i e s  

causing the  corrosion.  The concen t r a t ion  of d e f e c t s  a t  support  p l a t e s  near  



t h e  pr imary water  i n l e t  end of t h e  steam gene ra to r s  suggested t h a t  h e a t  f l u x  

was a n  impor tan t  parameter i n  c r e a t i n g  the  damage. Heat f l u x  was be l ieved  

t o  p rov ide  a  mechanism f o r  concen t r a t ing  phosphate i n  the  support  p l a t e  

c r e v i c e  reg ions .  

Ca lcu la t ed  h e a t  f l u x  v a r i a t i o n s  along the  l eng th  of the  s t r a i g h t  tube steam 

g e n e r a t o r s  a r e  shown i n  F igu re  10. Also, superimposed on ~ i g u r e  10 a r e  the  
- 

numbers of d e f e c t s  found a t  each suppor t  p l a t e  l o c a t i o n  of t he  1 D  steam 

g e n e r a t o r  during t h e  1970 in spec t ion .  The h i g h e s t  h e a t  f l u x  (63,000 B T U / ~ ~ - f  t 2 )  

occurs  a t  t h e  suppor t  p l a t e  n e a r e s t  t he  primary i n l e t  (No. 1). A l a r g e  

number of d e f e c t s  (172) occurreddat  t he  No. 1 suppor t  p l a t e ,  bu t  the  maximum 

number of d e f e c t s  (475) were found a t  the  t h i r d  support  p l a t e .  There i s  no t ,  

a t  p r e s e n t ,  an  exp lana t ion  f o r  t h e  maximum number of d e f e c t s  occurr ing  a t  the  

t h i r d  suppor t  p l a t e .  It i s  possible t h a t  occurrence of the  maximum number of 

defects  a t  t h e  t h i r d  support p l a t e  may be re la ted  t o  the  l oca l  thermal and 

hydraulic conditions,  which could have caused the  highest phosphate concentrations 

i n  t h i s  region of t he  steam generator. 

LI1BORATOHY TESTS 

A type of tube damage s imilar  i n  charac te r i s t ics ,  but not i n  extent t o  t h a t  

found i n  t h e  1A and ID steam generators was reproduced i n  laboratory t e s t s  

performed using horizontal ,  heatea tubes,  on which were mounted simulated support 

p l a t e s ,  i n s t a l l e d  i n  an autoclave. The water chemistry was maintained within 

t h e  control  band specif ied f o r  Shippingport steam generators using coordinated 

phosphate-hydrazine-morpholine treatment. Heat t r ans fe r  was accomplishes using 

e l e c t r i c a l  heaters  inser tea  i n  t h e  tubes,  with power aajustea t o  obtain the  heat 
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f l u x  corresponding t o  t h a t  a t  t h e  f i r s t  support p l a t e  i n  t h e  Shippingport 

steam generators.  Temperature and pressure were control led  t o  simulate 

condit ions ex i s t ing  i n  Shippingport.  Defects which v i sua l l y  appeared 

s imi la r  ( including t h e  shallow gra in  boundary a t t a ck  ana i n t r ag r a in  p i t t i n g )  

t o  those  on t he  Shippingport tubes were produced with a maximum depth up t o  

about 4 m i l s  i n  3400 hours of heat  t r a n s f e r  operation.  The defects  i n  t h e  

t e s t  did not su s t a in  t h i s  i n i t i a l  r a t e  of corrosion penetra t ion,  unlike t h e  

ae fec t s  i n  t h e  operating steam generators.  The t e s t  assembly as-removed 

from t h e  autoclave i s  shown i n  Figure 11, ana t h e  appearance of t h e  tubes  

a f t e r  removal of t h e  mockup support p l a t e s  i s  shown i n  Figure :2. Note t h e  

s i m i l a r i t y  i n  appearance of de fec t s  with those  shown i n  Figure 5 for '"a tube 

removed from t h e  I D  steam generator.  The surface  of 'defects  found on t h e  

t e s t  tubes showed gra in  boundary a t t a ck  and i n t r ag r a in  p i t t i n g  (Figure 13) 

s imi la r  t o  t h a t  observed on removed Shippingport steam generator tubes .  

Metallographic sect ions  through a t yp i ca l  defect  from t h e  heatea tube t e s t  

a r e  shown i n  Figure 14. 

Other laboratory t e s t i n g  under non-heat t r a n s f e r  condit ions showed t h a t  

WlCrFe Alloy 600 had high i n i t i a l  corrosion r a t e s  i n  concentrated phosphate 

so lu t ions  a t  elevated temperature. For example, a t  550°F t h e  corrosion . 

r a t e  of Alloy 600 auring a seven day electrochemical t e s t  i n  a coordinated 

soaium phosphate so lu t ion  with a sodium t o  phosphate r a t i o  of 2.4 and 

containing 50,000 ppm phosphate i s  on t h e  order of 10 t o  20 m i l s  per  year. 

Examination of t h e  corrosion specimens from these  t e s t s  showea t h a t  t h e i r  

surface  appearance.was s imi la r  t o  Shippingport steam generator tube defec t s  

( see  Figure 15).  Long term autoclave t e s t s  using weight change specimens 

i n  concentrated phosphate solut ions  have shown t h a t  t h e  high i n i t i a l  
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corros ion r a t e s  of Alloy 600 ( 2  mpy.after 250 hours) aiminish t o  low 

values  (0.2 mpy a f t e r  4000 hours ) ,  ana t h e  app l i c ab i l i t y  of t h e  i n i t i a l  

h igh  c o r r o s i o n ' r a t e  t o  Shippingport steam generator tube aamage i s  not 

unaerstood. It i s  not  known by what mechanism the  i n i t i a l '  high corrosion 

r a t e  was sus ta ined  i n  t h e  Shippingport steam generators.  The t e s t s  

showed t h a t  high corros ion r a t e s  of Alloy 600 only occurred i n  t h e  presence 

of concentratea sodium phosphate so lu t ions ,  ana t h a t  .other va r iab les  had 

only small  e f f e c t s .  It was concluded, the re fore ,  t h a t  concentrated soaium 

phosphate was t h e  probable cause of t h e  Alloy 600 corrosion.  The corros.ion 

r a t e  of about 9 mils per year a t  550°F, 50,000 ppm phosphate concentrat ion 

and a sodium t o  phosphate r a t i o  of 2.4 i s  comparable t o  t h a t  required f o r  

t h e  leakage observed i n  t h e  Shippingport I D  steam generator a f t e r  4$ years 

of  operat ion.  The surface  appearance of NiCrFe Alloy 600 specimen a f t e r  

seven clays of t e s t  i s  shown i n  F i w e  15. Grain boundary a t t a ck  s imi la r  t o  

t h a t  found i n  a e f ec t s  of tubes removea from t h e  Shippingport I D  steam 

generator  1s presen t .  Figure 15 shows more i n t r ag r a in  a t t a ck  than  t he  

Shippingport de fec t  surface  ( ~ i g u r e  8) o r  t he  heated tube t e s t  defect  

surface ( ~ i g u r e  1 3 ) .  Var ia t ions  i n  t h e  amount of i n t r ag r a in  surface a t t a ck  

have been observed among t h e  varlous ae fec t s  examinea. These var ia t ions  i n  

t h e  extent  of i n t r a g r a i n  surface  a t t a c k  may be causea by di f ferences  i n  

phosphate concentrat ions a t  t h e  de fec t  surfaces.  

Based on t h e  laboratory  t e s t  r e s u l t s ,  t h e  mechanism by which t h e  Shippingport 

t ube  de f ec t s  were formea appears t o  be a d i r e c t  r eac t ion  between concentrated 

phosphate anb t h e  tube metal.  The concentrat ion of phosphate occurs i n  t h e  

support  p l a t e  crevice  regions a s  a r e s u l t  of t h e  hea t  t r a n s f e r  conditions 

e x i s t i n g  during power operation.  This concentrat ion mechanism a l s o  appears 



t o  be responsible f o r  t h e  damage ( i n i t i a l l y  believed t o  be caused by 

flow-induced v ib ra t ion)  t h a t  occurred i n  t h e  loop-end support region of 

t h e  1B and 1C steam generator.  A s  shown i n  Figure 3, t h e  presence of 

t h e  wide loop-end s t r ap s  c rea tes  a flow blockea region which permits 

phosphate t o  concentrate and a t t a ck  t h e  tubing.  The hourglass support 

p l a t e  design ( ~ i g u r e  2) used on t h e  s t r a i g h t  tube lengths of t h e  1B and , 

1C steam generator provides b e t t e r  crevice f lushing than  t h e  cy l i na r i c a l  ; 

hole design of t h e  1A and ID un i t s .  The concentrat ion of phosphate i s  

minimized with t h e  1B and 1 C  hourglass design,; and, hence, only minimal 

tube damage might be expected, a s  was shown by t h e  1970 eddy current  

inspect ion of t h e  1C u n i t .  . a 

STEAM GENEMTOR PERFORMANCE SINCE CONVERSION TO AIL-VOLATILE CHEMISTRY 

The 'correct ive  ac t i on  taken i n  May 1971 t o  minimize t h e  damage t o  t h e  

Shippingport 18 and ID steam generator was t o  conver tchemist ry  t o  a l l -  

v o l a t i l e  treatment.  I n s t a l l a t i o n  of flow blocking p l a t e s  i n  t h e  1B and 

1C  u n i t s  was done e a r l i e r .  ( i n  1968) t o  prevent loop-end region aamage. 

No tube leaks  occurred i n  t h e  'B, I C ,  and I D  steam generator dur ing , the  

period from t h e  incept ion of a l l - v o l a t i l e  chemistry i n  May 1971 u n t i l  t h e  . 

shutdown i n  February 1974 f o r  p lan t  modification. The 1A steam generator 

developed a small leak of about 0.8 t o  1.5 ga l .  per  hour immediately a f t e r  

i t s  re tu rn  t o  service  i n  October 1972; The leak was suspectea t o  be 

caused by a defect ive  weld associated with a tube plug r a the r  than  by a 

new tube leak.  The leak r a t e  of t h e  1A u n i t  increases slowly t o  about 5 gph 

i n  Octobcr 1373 when t h e  steam generator w a s  removed from service .  Plant  

average power l eve l s  were about 20 percent lower during t h e  a l l - v o l a t i l e  

treatment period than  during operation wi th  phosphate treatment.  
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The 1A and I D  heat  exchangers were replaced i n  1975 (with avai lable  spare 

u n i t s  o f - i d e n t i c a l  design) t o  provide addi t ional  assurance f o r  continued 

steam generator tube i n t e g r i t y  during fu ture  Shippingport operations f o r  

tkie Light Water Breeder Reactor. An eady current  inspect ion 

was performed. i n  October '1975 on t h e  I D  steam generator a f t e r  i t s  removal 

from t h e  p l an t .  Resul ts  from t h i s  eddy current  inspection showea t h a t  no 

new defec t s  haa formed during t h e  perio(7 of operation with a l l - v o l a t i l e  

chemistry. Some growth of ex i s t i ng  defects  was detected f o r  t h e  perioa of 
\ 

operat ion with v o l a t i l e  chemistry with more defect  growth occurring i n  t h e  

lower por t ions  of t he  tube bunale. The defect  growth r a t e  per 1000 

e f f e c t i v e  f u l l  power hours of o p e ~ a t i o n  was lower during t h e  a l l - v o l a t i l e  

t reatment  period (0.5 t o  % of tube wall th ickness)  than  during t h e  

phosphate treatment period (5 t o  20% of tube wall th ickness ) .  

The eddy current  inspect ion r e s u l t s  f o r  t h e  I D  steam generator showed no 

evidence of tube denting. 

The small  growth of defec t s  during t h e  period of operation with a l l - v o l a t i l e  

t reatment  i s  believed t o  be r e l a t e d  t o  t h e  presence' of low concentrations of 

phosphate i n  t h e  b o i l e r  water during t h e  period following conversion t o  

v o l a t i l e  chemistry. The l a r g e r  growth r a t e  of defects  i n  t h e  lower region 

of  t h e  tube bundle may be a t t r i b u t a b l e  t o  t h e  heavier sludge deposits  fm~ncl 

on the se  tubes .  The t h i cke r  sludge deposits  i n  t h e  lower port ions of t h e  

bundle would be expected t o  r e t a i n  more phosphate than t h e  th inner  aeposiks 

found on t h e  upper tubes.  
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CONCLUSIONS 

Based on t h e  Shippingport steam generator inspect ions ,  examinations of 

removed tubes ,  and laboratory t e s t s ,  t h e  major observations ana conclusions 

a r e  a s  follows: 

. 1. A l l  four  Alloy 600 tubea steam generators haa leaks .  

2. The two U-tube steam generators had tube leaks i n  t h e  loop end 

support s t r a p  crevice region, but not i n  t h e  hourglass hole support 

p l a t e  crevice region. 

3. The two s t ra ight- tube steam generators haa tube leaks  i n  t h e  

cy l i nd r i ca l  hole support p l a t e  crevice region. 

4. Plugging of leaking tubes adequately corrected leaks .  

5. For t h e  two U-tube steam generators., flow blockage of tubes  having 

loop end support s t r a p  crevices succeeded i n  stopping f u r t h e r  leaks .  

6. For t h e  two s t ra ight- tube steam generators new leaks  occurrea desp i te  

s e l ec t i ve  tube plugging anu blockage. Conversion t o  a l l - v o l a t i l e  

chemistry minimized fu r t he r  tube damage i n  crevices.  These two u n i t s  

were u l t imate ly  replaced. 

7.  A l l  four  Alloy 600.tubed steam generators were convertea from 

phosphate-hydrazine-morpholine t o  hydrazine-morpholine ( a l l - v o l a t i l e )  

chemistry,and no tube denting occurred a s  a r e s u l t  of t h i s  conversion 

based on eddy current  inspect ion of t h e  I D  steam generator a f t e r  four  

ycnm u ~ i n g  a l l - v o l a t i l e  chemistry. 

8. Examination of t.i.~.hea remnved frnm s t ra ight- tube steam generators 

showed h.igh l eve l s  of r e s i aua l  phosphorous i n  t h e  deposi ts  on tubes  

i n  defected,  crevice surfaces ,  and these  deposits  a r e  believed t o  be 

metal phosphates. 
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9. Laboratory tests reproduced a similar type of Alloy 600 tube corrosion 

in both heated tube tests with nominal phosphate chemistry (as in 

Shippingport when tube leaks occurred) and in electrochemical tests 

and autoclave tests with artificially concentrated phosphate solutions, 

The tests produced initial high corrosion rates similar to rates which 

were comparable in Shippingport steam generator tubes. However, 

.laboratory tests dia not sustain the initial high corrosion rates as 

ooo~wred in servioe. 

10. The cause of the tube leaks in the Shippingport steam generators is 

considered to be sodium phosphate which concentrated in inadequately 

flushed crevices during steaming and corrode Alloy 600 tube material. 

It is not understood by what mechanism the high rates of corrosion 

seen in Shippingport steam generator tubes were sustained. 

11 .  Variations in tube corrosion propensity from one crevice to another 

as observed in Shippingport steam generators is believed to.be due to 

local thermal hydraulic condition variations. 
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TABLE I 

S h i p p i n g p o r t  Steam G e n e r a t o r  Design P a r a m e t e r s  

S t r a i g h t  Tube U-Tube 

Type ( 1 ~  and ID) (1B and 1C) 

Steam P r e s s u r e ,  O p e r a t i n g  r a n g e ,  p s i a ,  

H e a t  T r a n s f e r  l o a d  a t  f u l l  power, BTU/hr 

Steam Flow p e r  u n i t  a t  f u l l  power, l b / h r  

R e c i r c u l a t i o n  R a t i o  

P r i m a r y  I n l e t ,  OF (%) 
P r i m a r y  O u t l e t ,  OF (T(-!) 
P r i m a r y  Average OF (Tave)  
Steam 
Feedwa ter 

H e a t  T r a n s f e r  Area,  f t .  
2 

' rubes  

O u t s i d e  d i a m e t e r ,  i n c h e s  

Minimum w a l l  t h i c k n e s s ,  i n c h e s  

Number 

S u p p o r t  P l a t e s  

Number 

T l ~ i c k ~ l e s s  , i ~ l c l l e s  

Hole  Geometry 

M a t e r i a l s  

Tubes  

S u p p o r t  P l a t e s  

Tube s h e e t s  

11 5 
0.5 0.375 

C y l i n d r i c a l  Hourel-ass 

NiCrFe A l l o y  600 NiCrFe A l l o y  600 

Carbon s t e e l  Carbon s t e e l  

Carbon s t e e l  Carbon s t e e l  
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TABLE I1 

Steam Generator Tube Leakage and Repair 
1B and 1 C  U-Tube Units  

Date of Leakage o r  Repair ~ u g .  1966 Jan. 1967 May 1967 1968 

Steam Generator 1 B 1B 1 C 1B 1C  

EFL,H(I) a t  Time of Leak 5960 6460 9870 -- -- 

No. of tubes leaking.  I. 1 I 0 0 

Max. Est .  Leak Rate 100 gph . 150 g ~ h  9 gPm -- -- 

No. of Tubes ~ l u ~ g e a / b l o c k e a  I p ( 3 )  I .  

( 1  ) EFLH - Effect ive  f u l l  load hours f o r  Che steam generator.,  
( 2 )  Flow Blocker i n s t a l l e d .  
(3) Includes non-leaking tubes plugged because of excessive wall  thinning.  



TABLE I11 

Stean >enerator 3 b e  Leakage and Repairs 1A sna I D  
s t rz ig l i t  Tube Steam Generators 

Aug . Ju ly  Jan. Feb . June Aug . O.2-t. 

Date of Leakage o r  Repair 1959 1 970 1971 1971 1971 1971 1973 

Steam Generator ,( 6)  1 I3 1 _% 1 A ' D 1J5) 1A 1A 

EFLH a t  Time of Leak 16,120 19,300 - - 17,820 22,412 22,412 24,396 

No. of Tubes Leaking 1 1 5 2 - - - 
L -- 

Max. Es t .  Leak ~ a t e "  ) , gFh N//k N/A 5-7 N/A N;. N/' 5 

("1 4 No. of Tubes F'lugged/Bl>cked 20 /4( ) I! 0 5/36(71 15 37 - - (2 )  

NOTES : 

(1 )  N/A - Leak Rate not a v a i l a ~ l e .  

(2 )  Steam G e x r a t c r  1A .Pe~oV?d f r ~ m  service.. 

(3)  .Includes r-ine tubes renove3 f 3r examirmtio~ . 
( 4 )  P a r t i a l l y  flow bloc:<ed. Hjles Ari l lea  i n  ?lugs t o  e s t ab l i sh  predeterninea flow r a t e s .  

(5) 1A Steam Generator ctut of sen- ize  May 1371 t o  September 1972. 

(6)  ID Steam Generator .:tu-b of s e r ~ i z e  August 1969 t o  Ju ly  1970. 

(7)  Flow blocked tubes - @u.$-g?d 3n one end onl:~. 



NATURAL CIRCULATION TYPE , STEAM OUTLET 
-1 I t -  

/ / 1 STEAM SEPARATOR ! \ 

TUBE SHEET 

a I I TUBE' 
SUPPORT PLATES 

Fig .  1 Schemat ic  of S h i p p i n g p o r t  H o r i z o n t a l  S t r a i g h t  Tube Steam G e n e r a t o r  
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SUPPOR-T 
PLATE 

TUBE 

SECTION THROUGH CYLINDRICAL HOLE 
SUPPORT PLATE, IA AND I D  UNITS 

-SUPPORT PLATE 

+0.005" 
- 0.000" 

SECTION THROUGH HOURGLASS HOLE 
SUPPORT PLATE, IB AND IC UNITS 

Fig .  2 Suppor t  P l a t e  Hole Geometry For  S t r a i g h t  Lengths of Tubing 
  TO^ of Steam Generator i s  toward t o p  of i l l u s t r a t i o n . )  



TYPICAL OF AN ODD ROW 
HORIZONTAL LAYER OF 
TUBES PASSING OVER 
LOOP END SUPPORT 

- 2  / 5 / 8  TUBES OD 

ODD 

EVEN 

ROW 

ROW 

12 GAGE C.S. J" 

SECTION "A-A" 

F i g .  3 1B and 1C Stcam Generators View o f  Tubes in Loop End Support Area 
(FOP upper i l lustration the vertical axis of the Steam Generator i s  perpendicular t o  the 
plane of the tubes shown. For the lower Figure, the top of the Steam Generator i s  toward 
the top of the illustration.) 



F i g .  4 ShippLngpor% ID Steam Generator Location of a l l  defects a t  3rd Su~porb Plate 
( I 969- 1970 I n s ~ e c t i o n )  
NOTE: The top  of the  steam generator i s  toward the  top  of t h e  figure.  



.50" TUBE NO. 26A7S 

ORIENTATION 

no 

\ 
\ 

i SUPPORT 
PLATE 

Fig. 5 Shippingport ID Steam Generator - Major Defect (leak) a t  Support Plate # I ,  Minor Defects 
a t  Support Plates #2 ana #4. Burnishing mark a t  support plate  #2 and #4. 
NOTE: O0 i s  toward top  of s t e m  generator. 



1/2" SUPPORT PLATE 4 CREVICE REGION 

EXAM I NATION::.:: 
POSITION 

SAME SECTION AS UPPER PHOTO 
ROTATED ABOUT 90' 6X 

Fig. 6 Defected Section of Alloy 600 Tubing From Shippingport 
1D Steam Generator 



F i g .  7 Photograph of Defect Zone from Examination Position 
of Figure 1. 



CENTER OF 3 0 0 X  PHOTO 
ABOVE IOOOX 

F i g .  8 Defect Surface from ID Steam Generator a t  Third 
support plate . = 



~ i g .  9 ~etallographic Sections ~f a Leaking Defect and a Typical Non-Leaking Defect - 1D Steam Generator 
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- HEAT FLUX VARIATION - 

ALONG LENGTH OF I A 
- 

- 

- 

I I I 1 1 I I I I I 0 
1 2 3 4 5 6 7 8 9 1 0 1 1  

INLET OUTLET 
SUPPORT PLATE NO. 

500 

CREVICE DEFECTS 

1970 1 NSPECTION 

0 
1 2 3 4 5 6 7 8 9 1 0 1 1  

INLET OUTLET 
SUPPORT PLATE NO. 

Fig. 10 Variation of Heat Flux and Number of Defects a t  Support 
Plate Crevices, 1D Steam Generator 



Fig. 11 Hezt sd  %be .%ssm~.ly as removed from test after 4000 hours 



Fig. 12 Appearance of defects on tubes from Heated Tube Test After 4000 hours. 
Note similarity with defects on tube removed from 1D Steam Generator (Fig. 51  



CENTER OF 3 0 0 X  
PHOTO IOOOX 

F i g .  13 Heated Tube Test Defect Surface in Support Plate 
Crevice After 4000 hours of Test. Note similarity 
with 1D steam generator removed tube (Fig. 8) 



ETCHED-PHOSPHORIC AClD IOOX 

ETCHED-PHOSPHORIC AClD 5 0 0 X  

~ i g .  14 Metallographic Sections through defect in Support Plate 
Crevice of Heated Tube Test, after 4000 hours test.  



I IOOX 

Fig. 15 Defect Surface of NiCrFe Alloy 600 Specimen after 
7 days a t  550°F in  50,000 ppm phosphate (Na/PO = 2.15) 
Vapor Phase of Specimen adjacent to vapor-liquf d Interface. 
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