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ABSTRACT 

l '  \ 
The caustic. permanganate-rinse. decontamination treatment was--.in- . .. 

ves tigated: Coop and.metallurgica1 studies.  ~ e r e : ~ e r f o r m e d ~ ; t o -  determine 
.optimum: operating: conditions as well ;+s the metallurgica1effects:ofthe;. . . 

, treatm:ent: 'A-treatment with 1O'yercent sodium hydroxide-and .5percent 
potassium permanganate solution followed.'.& a r i n s e  with a 8: percent.- . . .. .- . 

ammonium,citrate, 2 percent c i t r ic .  acid ;and: l / l .p.ercent Versen-e-solution 
iwas chosen .for .the decontamination. of a stainless . s t e d  .s team--.generator. 

- . Decontaminai.ion factors of greater than 50 were.dbtain:kd .in loop."-tests - 
. 

using-:the;above treatment. corrosion and met,allw~ical results indicated 
a total pen,etration' of less than 0.01 mil on annealed. Type 304 stainless 
steel with .no evidence of any deleterious. effects. - . I  . . .  

L 





a, 0 INTRODUCTION 

The major problems associated with the buildup and removal of activated 
corrosion products in nuclear facilities were reviewed In Volume I of this re- 
port. -It was concluded that from the standpoint of accessibility and practicality, 
chemical- decontamination offered the; most feasible method -of decontaminating 
large facilities. Preliminary studies indicated that a ,caustic permanganate- 
rinse treatment may be an effective chemical method of removing activated - 

corrosion product scale. Nitric acid, oxalic acid, citric- acid,and- ammonium 
citrate were found to be effective rinses. Nitric acid was not given further 
consideration because of the hazard involved in handlliig the chemical. Limited 
corrosion information on the decontamination treatment indicated no evidence 
of intergranular corrosion.   ow ever , a further evaluation of the caustic per- 
manganate-rinse treatment was deemed necessary, ' 

An investigation of the important parameters of the caustic permangan- 
ate-rinse decontamination treatment was conducted. These parameters (con- 
centration, temperature, flow rate, and residence time) were evaluated in a 
decontamination test loop. The results of short and long term corrosion and 
metallurgical tests a fe  given, as a re  the results of two simulated APPR-1 
decontamination tests, Post decontamination effects (weight loss and activity 
pickup) a re  also presented in this report .  

An investigation of the caustic permanganate-rinse decontamination 
treatment and i t s  appli&abilityto the decontamination of a stainless steel 
steam generator : 

3,O SUMMARY AND:. CONCLUSIONS, ' . . 

. . 

.,It was found that a caustic permanganate solution followed by a r inse  
solution of either oxalic acid, 'citric acid, or amm,onium citrate was effective 
in removing activated corrosion product.scale from stainless .steel. The 
oxalic acid was eiiminatedfrom final eonsideraiion because of the excess gas 
formation observed in loop tests and the resultant danger of pump cavitation. 

A caustic per manganate solution, consisting of 10 percent sodium 
hydroxide and 5 percent potassium permanganate (by weight) was used at  
2 2 5 ' ~  for 30 minutes and found to give satisfactory decontamination results, 
when followed by a rinse solution. Radiochemical analysis indicated that ap- 
proximately 75 percent of the manganese-54 activity was removed by the 
caustic permanganate solution. It also appears that the major part  of the 
chromium-51 and iron-59 activity is removed by this solution. The cobalt-60 
and cobalt-58 activities a re  removed by the rinse solution. 

An ammonium eitrate concentration of 5 percent w L  found to be an 



optimum concentration for decontamination. Treatment at a. minimum temper- 
ature .of 2 2 0 ~ ~  for .at least 30 minutes was required for effective removal of 
activated corrosion product scale. Hqwever, the extent of decontamination 
Qas found to be dependent upon flow velocity. 

i 
A citric acid concentration of 5 percent was also found to give satis- 

factor decontamination. A complexing agent (1/2 percent Versene) was added 
to enhance the complexing power of the solution. The minimum temperature 
required kor effective decontamination was found to be approximately 170°F. 
Unlike the ammonium citrate solution, the extent of decontamination was not 
found to be dependent upon the flow velocity of the citric acid rinse solution. 
It was also found that the decontamination was increased when the contaminated 
metal surface was allowed to dry prior to the addition of the citric acid rinse. 

The decontamination treatment with citric acid as a secondary rinse so- 
lution resulted in higher corrosion rates on sensitized stainless steel. The 
addition of 2 percent citric acid to 5 percent ammonium citrate resulted in 
less corrosion on sensitized stainless steel than was observed in the case of 
5 percent citric acid. It was also found that the flow rate dependency was re- 
duced a s  a result of the addition of citric acid. Since the main constituent of 
the combination solution is ammonium citrate, a temperature of 2200F and a 
residence time of 30 minutes a t  this temperature was chosen for me solution. 
This solution is most applicable a s  a secondary rinse solution for steam generL 
ator decnntamination. A decontamination factor of 84 was obtained on Type 
304 stainless steel tubing exposed to the caustic permanganate-citrate combi- 
nation solution decontamination treatment during a simulated APPR-1 loop 

- test. 

The corrosion results (mils penetration) for the caustic permanganate- 
.. citrate combination solution treatment, based on 8 30 hour exposure time,in- 

crease in the order: Inconel (0.002), annealed Type 304 stainless steel (0.008), 
sensitized Type 304 stainless steel (0.017), Babcock and Wilcox Croloy 16-1 
(0.029), and AISI ClOlO Carbon Steel (0.182). For stainless steel, it was 
found that increasing corrosion resulted in greater decontamination, 

There was no evidence of any cracking o r  any significant amount of in- 
tergranular corrosion o r  localized attack on any metal specimens exposed in 
loop, dynamic autoclave, and static autoclave tests. Evidence of possible 
crevice corros;on was found in the root area of weld specimens subjected to 
long term static caustic permanganate solution a t  ??OF ( 2 5 0 ~ )  and 1 2 2 0 ~  (5WC) 
for eight weeks. There was no evidence of crevice corrosion on weld samples 
exposed in the same solution a t  203OF (95'~) for  four weeks. ,The root area of 
the APPR-1 steam generator tube to tube sheet weldrnent would not be subjected 
to any solution during decontamination. 

Activity buildup and weight loss on metal coupons re-exposed in the 
APPR-1 primary purification system following decontamination by the caustic 
permanganate-rinse method were found to be less  than new metal coupons. 
4 1' - 



4,0 EXPERIMEEJTAL DECONTAMlINATION LOOP 

4.1 General. Descr i~ tion . .. 

A chemical decontamination test loop of '7-gallons total volume was fabri- 
cated in the Nuclear Power Engineer mg Laboratory of Alco Products, Inc. , 
( F i g  1 The loop was designed to allow replacement of a section wfih a con- 
taminated section exposed in APPR-1 (Fig. 2), Most of the loop was constructed 
from Type 304 stainless steel. Some -of the components and a flow,meter were 
constructed of Type 316 stainless steel, A 5-gallon f i l l  tank located above the 
highest point in the system, was used as a pressurizer tank during loop operation. 
A 15-gallon stainless steel vessel was use4 for mixing the chemical solutions. 
The solution was then pumped into the f i l l  tank where, if necessary, it could be 
heated before filling the loop (Fig. 3). The loop was filled by either gravity or  
by applying nitrogen pressure to the ~ k e s s u r  izer from a gas cylinder. During 
the filling operation, the loop was bled at -its highest point to eliminate trapped 
air. A circulating pump was used to maintain the desired flow rate  throughout 
the contaminated section of the loop. To raise and maintain the temperature of 
the syBtm,Calrod type strip heaters were utilized along the piping. 

For sampling during operation of the loop, a Hagen Industrial Cooler 
(Model WC110) was used. A Brooks Purge-Meteaode1 1350V) was installed to 
control sample flow. This sampling system was also applicable for evaluating 
a'feed-bleed type of operation. Instrumentation was also included for measuring 
and controlling temperature, loop pressure, and flow rate. A lxkinch 'sodium 
iodide (Tl) gamma scint i lht i '~n q s t a l ,  placed over the contaminated section, 
was used to determine the radioactivity at  any time during a loop test. 

.4.2 : :Design Characteristics 

4.2,.1 Pump 

A Chempump, Model S 3/4 HP, centrifugal pump with a flow range of 
0-16 gpm was used to circulate the chemical solutions. This type of pump was 
selected to prevent any leakage of the chemical solutions at  the pump. The 
pump was fabricated entirely of stainless steel with the exception of the. bearings. 
These were fabricated of Graphjtar No. 14, a compressed, pure carbon material. 
After approximately 15 hours of pump operation, a fine suspension of black parti c- 

matter was found in the waste solutions. Upon disassembling the pump, 
it was found that the bearings had been eroded to such an extent by the caustic 
permanganate-r inse decontaminating solutions that they could no longer be used. 
Fig. 4 is a photograph of a new bearing (Top-Left) compared with the bearing 
removed from the decontamination loop pump g t e r  15 hours of operation (Top- 
Right). The Graphitar No. 14 bearings were replaced with Type 304 stainless 
steel bearings :(Fig. 4 (Bottom-Left) provided with removable Teflon sleeves 
( Fig. 4 Bottom-Right). All metal to Graphitar contact was therefore replaced 
wit$ metal to Teflon contact. The Teflon sleeves could be replaced if excess wear 



. . 

;on thepart should warrant such .~kPplacement. 
. . .. . 

. . . . 

: In larger canned rotor  pumps; i t  i s  possible to flush the bearingswith 
demineralized water .  In this manner; it is possible- to maintainthe concen: . . 

bation -of t h e  decontami.nati0.n qn'golufion.. in :the vicinity, of the'bearings low enough 
to prevent, oxidation. or other effdcts by the solution. 
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Fig. 1 Decontamination Test Loop ~ssembly Drawing 





Fig. 2 - Photograph of Decontamination Test Loop 
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4.2.2 Flow Rate 

The loog was designed to obtaiq a liquid velocity of 10 feet per se- 
cond This value was based upon an estiPiate of the phmp size that would 
reasonably be available to decontaminate a large nuclear facility such as 
the APPR-1 atmar generator. That facility would require a 4000 gpm 
pump to achieve aflow velocity of 10 feet per second through the heat ex- 
changer tubes. 

A Brooks rotameter was used to measure flow (gpm) in the loop. 
Two interchangeable floats were used; the first was used in the range of 
0.5 gprn to 7.0 gpm, the second was .wed from 4 gprn to 16 gpm. Fluid 
velocity (fps) through the sample section of the loop qas  determined from 
flow rate and the cross section of the sample. 

4.2.3 Temperature and Pressure 

Preliminary bench-type screening results indicated that satisfactory 
decontamination results could be achieved at relatively low temperatures 
(185-205 . !?$ ) !and:: pressures (atmospheric) utilizing the caustic perman- 
ganate - rinse decontamination treatment, This treatment, if practical, 
woyld thereby eliminate the hazard and expense associated with a high 
te erature and pressure system. The maximum loop temperature was 
the T efore fixed at 300°F, and the maximum pressure established at 100 
psig. This pressure was sufficient to prevent any boiling at  the maximum 
tem erature. For safety purposes, a relief valve set at 100 psig was in- 
stal f ed in the syatem. 

Loop heat-up time and operatiag e Were controlled by a 
Partlow (Model L) controller kith individml on-off control for each 
header. With this control system, the tempkrakure was maintained with- 
in 25 ?:p of -.anyd set point. A Minneapolis-Honeywell temperature in- 
didtor and al2-point thermocouple switch were used to monitor the 
temperature at various points throughout the system. A amall single 
pkss heat exchanger was used to cool the solution in the loop to safe .drain- 
ing temperature. 

4.2.4 Contaminated and Corrosion Sample Section 

The loop was designed with provisions to evaluate corrosion and de- 
contamination effects of the solution. The major part of the decontamina- 
tion' evaluation phase of the program was performed using 14-inch lengths 
of Type 304 stainless steel 3/4-inch 16 Gage BWG. tubing. 

The tubing was installed in the sample section of the loop with two 
modified Swagelok female connectors. With this installation, the tubing 
was an integral part of the loop, 

15 



Far corrosion *dies, 3 1/2 x 1/2 x 1/16 - inch coupons of various 
metals wene used. A specially fabricated coupon holder of Type 304 
&&s steel was used to hold the coupons in the loop (Fig. 5). The holder, 
with provisions for.18 coupons, .was placed inside a 15-inch section of 1 1/2- 
inch Type 304 stainless steel pipe installed in the loop with two Cooper Alloy 
k&ickupl connections. Its physical location in the loop waa identical with the 
tubing, making it part of the loop. 

4.2.5 Counting of Contaminated Samples 

A 1 x 1 -inch sodium iodide (Ti) gamma scintillation crystal coupled to 
a photomultiplier tube waa used to .measure the radioactivity emanating 
from the contaminated sample section. The counting unit was connected 
to an RIDL scaler (Model 2001) located on the loop control panel. The 
crystal unit was placed in position approximately 2 inches over the con- 
taminated section and inside a lead shield. A piece of asbestos was placed 
between the crystal face and the contaminated section to reduce thermal 
effects on the crystal. Lead briclta were us@ to inclose the entire sec- 
tion and to reduce background radiation. With this counting arrangement, 
the residual activity of the sample and the activity in solution near the 
Bample could be measured at any time during a loop test. When the .loop 
was drained, the activity due to the sample was determined. 







5.0 SBURGEam I ~ N ' Z ~ M E N W E D  AND CDRtE@SIQN BEST SAMPLES 

In Volume I of this report, it was shown that metal samples expos- 
ed in the APPR-1 primary purification system at reactor operating con- 
ditions acquired a much more tenacious corrosion product scale than 
samples exposed at a lower temperature and preesure. Consequently, a 
revision was made to the APPR-1 primary system purffioation blowdown 
line to incorporate fifty feet of Type 304 stainless steel 3/4-inch 16 Gage 
BWG tubing and two additional sections of 1 l/2-inch flanged pipe to con- 
tain two coupon sample holders. The sample holders were identical to 
the one used in loop decontaminat!on tests shown in Pig. 5. The sections 
of tubing and flanged pipe are  shown in Fig. 6 and Fig. 7, respectively. 

The purification system modification was used to supply contaminat- 
ed samples for use in loop decontamination studies. The tubing was 
identic# to that in the APPR-1 steam generator and represented, except 
for actual removal of sections of the steam generator, the most practical 
method for evaluating the effect of chemical solutions on steam generator 
surfaces. The metal coupons were removed &ring plant shutdowns, care- 
fully wrapped ;in filter paper, and shipped to Schenectady. The coupons 
were counted, washed, and recounted before use in loop decontamination 
studies. 

A section of tubing was also removed during these oh~tdmwj.. The 
tubing was cut into 3 l/Z-foot ldngths and shipped to Schenectady for use 
in the evaluation of decontamination parameters. After decontamination, 
representative samples of tubing and metal coupons were submitted for 
metallurgical examination. The remainder of the metal coupons were 
reinserted in the AP9R-1 purification blowdown lipe for post decontamina- 
tion expoeure and subsequent corrosion rate and activity buildup studies. 

5.2 Type and Heat Treatment of Metal Specimens 

The 3 1/2 x l/2 x 1/16 - inch specimens exposed in the APPR-1 
purification blowdown line consisted of Type 304 stainless steel (annealed 
and sensitized), Babcock and Wilcox stainless steel Croloy 16-1 (a modi- 
fied Type 430. stainless steel), and low carbon steel. 

The Type 304 stainless steel coupons were fabricated from I/X6-inch 
thick flat stock in the annealed condition. The sensitized specimens were 
prepared by heating the specimens in a furnace at l20O0F for 10 minutes, 
followed by air cooling. The oxidation scale was removed by polishing 
with fine emery paper. All Type 304 stainless steel specimens possessed 
a 35-40 RMS surface finish. 



, . 

The Bqbcock.and ~ i l & .  (!roloy 16-1 specimens were fabricated 
from a 3132-inch thick s t o & . b t  -8 hot, heat treated by the vend~r ,~  
The stack %!as .initiqLly maohin4 to the correct width:md length with 
thsW&neda 9. W-inCbr.gs&ter .* .spqcffimtJion. The specimens 
qere .--heat thated'at ~QOOQF for one hour and air cao'ied, followed 
by rpheating.at- 1 3 0 p ~  for ,one boar with a slow fmnaee cool.to below 
600OF. T b  specimens were .than machitxed tothe correct dimensions 
with about. a 60 RMS sukface finish. 

! 

The carbon steel specimens were fabricatedfrom Produds 
Specifiqawn 30090 ca&on steel atrip. The material was inme hot 
..mile4 cqodition and chemical analy~is indicated.0. b76 percent carbon 
and 0,BO percent manganese, Th@ materid meets the speciffcatfans of 
&ISI ClOlO carban stbel. 











Preliminary screening results a r e  presented in volume I of this 
report, They indicated that a primary solution treatment of caustic 
permanganate (10 percent sodium hydroxide and 5 percent potassium 
permanganate) followed by a rinse of either nitric acid, oxalic acid, 
citric acid, or ammonium citrate was effective in removing activated 
corrosion product scale from stainless steel surfaces. Approximately 
50 Poop run tests were performed to permit a more complete evaluation 
of the caustic permanganate-i~in&!.tr-&trrl'en%s ;:TBisc idcluded: the d'eter mina- 
tion of such parameterg a s  concentration? temperature, flow rate, re-  
sidence time and any others that may have appeared during the course 
of the work. Approximately 12 loop test runs were made with metal 
test specimens. The 'majority of these specimens were new; however, 
a number of contaminated specimens were used to evaluate relative 
decontamination of various metal surfaces. Finally, two simulated 
APPR-1 decontamination tests were performed to obtain corrosion and 
decontamination W~~r:mation. 

I 

A typical activity profile for a loop run is shown in Fig. 8. During 
the cqustic permanganate (primary) solution phase of the decontamina- 
tion there is some decrease in activity. There is another small de- 
crease.during the first  water rinse phase. With the addition of the se- 
condary solution rinse, there is a rapid decrease in activity. As will  
subsequently be shown, the rate of activity removal is highest at the a 

critical temperature of the solution. A final water flush is qsd to re- 
move any solution remaining after the' secondary solution rinse phase 

- .. of the decontamination treatment. 

6.1 Decontamination Expressions 
. . 

, . . ~ h . ;  .effects of the viriabies involved in .the decontamination, e.'g. 
, 

. temperature, f.low rate; residence time, weie all  e ~ i u a t b d  in t e r in io f ,  , ' . 
- ',one 'common meaiuiement, ' viz. , deco,nt.amhation achieved. . M i J e  

there a r e  many way& of' expressing ,de&ontamination, two expresbions 
: werb used in this  investigation These Were .cJeccktamination factor 

.- .(Do F, )- and background factor (B. F.). . . 
. $ 

' . . . 

T h e  decontamination factdr is defined a s  follows: ' Net* 
, 

.. Decontamination Factor. (D. F. ) = - 
. . . . . . . . .  . . . . .  Net Final; Activity 
.L.. . . . .  .: . . . . . . .  

.* Gross k t i $ t y  - Backgxound ;,; ,,,;. , , 



. -  As .shown ..in:Fig., 9, a Db. F. . of. 100: refer's, to 99 percent activity re-  
moved w h d e - a : ~ , . ~ . .  of.5 r'efers to 80 percent activity r.em,oved.;.- .How- ... . 

ever; ' a;:'D. F. .  of either 5 . o r  ,100 'may:-indicate.sati$factory. decontamination 
depending ,u'pon the .initial activity, 

TABLE 111. Compar.ison of Various:: ~'eeontamination:   actors 

; c a s e  .-D-. F.. . .. . Net.'Hnitial-"Activity .Net: Final. Activity 
. Units .Units 

1 5 5,000 1,000 
2 5 ' 500 I00 
3 BOO IOO,OOO ~ , O O O  
4 loo io, ooo 100 

The hypothetical D..F. values shown in Table 1 a r e  designed to point 
out the limitation of reporting decontamination efficiency in terms 0f D. F. 
only. . A Do F. of 5 was obtained in case 1 and 2, but the final activity of 
case 2 was one-tenth that of case 1. TheVD. F. In cases 3 and 4 was 100, 
and the final activity in case 4 was one-tenth that of case 3. Since the 
purpose df decontamination is to permit maintenance of a nuclear facility, 
the final activity measured is as important as D. F. Consequently, the 
.final activity should be reported together with Do F. The initial" activity 
should also be reported if there is considerable variation from sample to 
skmple. - In the present investigation, all contaminated metal surfaces 
used in,decsntamination tests were scrubbed with soap and water to re-  
move all loose activity. As a result, only the tenacious film remained. 
The activity of all such tubing sections was approximately the same, i. e. 
35,000 to 45,600 gamma counts per minute. 

6 .1 .2  Background Factor 

An additional expression .of decontamination efficiency was used .dur - 
ing loop tests. This expression, . termed "background. factor" .is a measure 
.of .the ,activity P emaining 'above background .at the end .of a-decontamination 
treatment. It is: defined .as. follows: 

. 1 . :  . 

. . .  :Net, Final Activity . . . 
: Background Factor(B. F. ) = ..:.Background 

This measurement is independent of initial activity but does depend 
very strongly on the background. To compare a ser ies  of runs using 
,B. F. as a measurement, the background must be relatively. constant for 
these runs, If the background 4aries  greatly, the value of B. F. can be 



. . . .. 
. . '. 4 

. . ' . misle.ading, as. show? below: 
. .' . . . . 

' , . Cask :B. F .  NetlFinal , . Activity Background 

: . '1 . . 10 . .. . 1.000 cpm I,. .* .I00 cpm . . 
, ' . 2  . ' , ' .  , 5  .loo0 . . Spm 200, cpm . . 

I . . 

.: . h. both c a s e s  the finalactivity is the. same but the value of B.F. 
. . 

' '  is inconsistent: ~ o n s e ~ u e n t l ~ ,  f o r  lo,op studies a n  .average background. 
.'' 

, was used. With the exbeption of: two loop tests, all background .values 
. . ' .  were withint20 percent'. of .the ,average. value.. ~ l l . v a i u e s  of net final 

. . activity 'were. ref erred .to thi i  b.ackground, -i. e. . . 
. - ,  . . . 

-B..F, ,, = ,Final Activity - Actual Background . . 
. .  . . (.- . I :.Average Bakkground . . ,  ' i . . 

, . . . . . I  . . 
. : . . . , 

- . .  , . . S '  

.. . . . . . . . .- .. 





Fig. 8 Activity Profile of a Typical Loop Test Run Using the Caustic 
Permanganate-Rinse Decontamination Treatment 
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Fig. 9 Relationship Between Decontamination- Factor and Percent Activity 
Removed 
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6.& 2 :.Concentration ,of Chemical Agents ' 

Previous data from' Volume I of this repoi( have shown that a caus- 
- tic permangamte so%ution consisting ,of 10 percent sodium hydroxide and 

5 pereem& po&aesium permanaganate gave sakisfactory decontamidtion re-  
' sults when followed by a rinse solution of either nitric acid, oxalic acid, 

citx'ic acid, o r  ammonium citrate. The concentration of nitric acid varied 
from 5 percent- to 10 percent by volume. Hokeaver, due to the difficulty in- 
volved in the handing of this chemical, b o p  decontamination tests were 
performed using oxalic acid, citric acid, and ammonium eitrate. A 5 per- 
cent oxalic acid rinse was used in two preliminary loop tests boB%owing an 
initial treatment with caustic permanganate. During the rinse phase of the 
treatments, considerable gas was evolved and resulted in some pump cavita- 
tion. Thiq gas, probably carbon dioxide, was thought do be due to the re- 
action. between the manganese dioxide in the loop and the oxa1ic acid. As 
a resul&, oxalic acid was not considered as a potential rinse in subsequent 

, - loop testa. The majority of the Boop tests were performed using citric 
acid-Versene*, ammonium citrate OT a combination of the two as seconqary 
soButioan 'rinses. 

6.2.1 . Caustic Permanganate . ' 

The sodium hydroxide and potassium permangarmate used in Boop tests.  
were reagent grade purity. This purity was chosen in ortjer to avoid the 
introduction of any foreign materiaPs, notably halides, Bntb the3oop. Three 
gallows of solution were used in the Bsop tests, The soPution %as prepared 
in a 15-gallon mixing tank provided with a high-speed mechanical s t i r rer .  
Tgbe required volume of demineralized water (resistivity of greater-than 
100,000 ohm - -em) was f i rs t  added to the f a d .  While the water was being 
vigorously agitated by the s t i r rer ,  the required amount of sodium hydrox- 
ide - (5 percent by weight), was added. The sodium hydroxide is quite 
soluble, and complete solution can be achieved &thin 15 minutes. After 
alplproximate8y 5 to 10 minutes, the required amount of potassium perman- 
gamte (5 percent by weight) was added. The .delay in the addition of the 
potassium germangmate is made to take advantage of the greater spPu- 
bility of the chemical a t  higher temperatures (due to the heat of solution 

. 

of the sodium hydroxide). The solubility of potassium permanganate i 
water varies from 6.4 gms/100 cc at 2O0C to 25 gmq/100 cc at 65OC. "PI 
With vigorous agjtatdon, complete solution of the permangmate was ac- 
hieved within 15 minutes. At this stage the solution possesses a purple 
coloho and the pH is approximately 12.8. \ 

I 
. . 
During eight loop runs with the caustic per banganate - r inse (kitric 

a.cid-Versene .and/or .ammonium @itrate)' treatment, samples of the caustic . . - 

* Ver'sene'is .a trade name for products of the Dow Chemical Company, 
Midland, Michigan and is associated with the salts of ethylenediamine- 
tetraacetic .acid .(EDTA). 33 
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permanganate were periodicallp removed and analyzed for percent caustic and - 
permanganate. The caustic wa$ determined by titration with s tandqd a d d  using 
a-pH meter to determine the end point. The permanganate was determined by- 
f i r s t  acidifying a known aliquot of solution with sulfuric acid.- This solution-was 
then heated-to 80-90"~ on a hot plate and titrated with standard sodium oxalate - 

to a clear end-point. The results indicated that-the concentration 0% both caustic 
and p-ermangaaaate dig not decrease by more than-20 percent (10 percent to 8 per- 
cent and 5 percent to 4 percent by weight respectively) during this phase of-the 
loop run. The- average dew ease in both cases was approximately- 10 percent. 
This change-may have been due t o  some preliminary decomposition sf the potas- 
sium permanganate to form manganese dioxide. 

6.2.2 Secondaryz Solutions 

The citric acid and ammonium citrate used in loop tests were also of re-  
agent grade purity. The concentration of the citric acid was 5 pepcent except for 
the c itr ie acid- ammonium citr ate combination solutipns where the concentration 
varied frqm 2 percent to 5 percent, The ammonium kitrate (dibasic) varied from 
5 perc,ent to 10 percent except for the combination solutions where the concentra- 
tion varied from 2 percent to 5 percent. The concentration of the solutions was 
changed in order to vary the acidity (pH) and to detgrmine its effect on decon- 
tamination and corros ion. -- 

A11 secondary rinse sollutione were prepared by addition sf the required 
amounts (percent by weight) to 3 gallons of demineralized water. No waiting 
period was necessary and with vigorous stirring a clear solution was obtained 
within a matter of minutes. The measured initial pH of the various so8utiions 
used in !o0p tests is given below: 

5 % , ~ 6 t r i c ~ b i d +  l/2%. Versene ------ '2.4-2.5 ---- I .  

5%. Citr ic.Acid + 2%. Ammonium "citric Acid1'l . 

..- . .- ci t rate  + A/%%, ~ e r e e n e  -- - - - - - - - - . - - -  ' ; 3 b g  .' combination sqlution 
. . 

28. ci t r ic  Acid + . . 5 % : ' ~ m r n ~ n i ~ m  , . * - 7  , 

. , . - . "'%itrate" cca~~bi-  
;.Citr&te +'B/%%.Versene ------------- 4.2-4.3 1. , pqtion sOii&iOn 

Loop. data presentgd .in Ta.bP.e,.2 indicate: that, .an ammonium. ce.itrate eon- . 

. centration of\ 5 percent and 10 p&r&ent gave satiif actorxy de6ontamhatfon r e s u ~ t s  . 

. . QD; F. .v& of' %?;and 1% resp.ect\vely). . , 

', . . . 
, . 

i . . . . . . . < ' 

, '  
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TABLE 2 'Effect' of'.Ammo;iiiih;m'%itkate Coricefit~ation on .Final'. De- 
. . . .  , , contamidtion .Fa@tor . . . . . . . .  : . .  .i' . ......... 

. :..Net Net 
Initial ' ; Final 

Flow Rate' kkti,$ity Activity C? . . . .  

; Run .No, ".. ~ o n c e n t r  ation (~Ps) . (cdm) ( cfi D . F . .  a 

. . 

0 ' 

.. ' 
.:'. corrosion ,data, pr,esented in aection 7.1.1, indicate that the corrosion 

on Type ,304 stainiess steel ,by a 10 percent ammonium citrate solution was ,i; 
, '  . , $ .  . . .  m,sre than'. twice that at  5 percent. - For thisreason and base,d on the results 

given in. Table,:2, the optimum concentration for ammonium citrate was .set at , 

.5 percent. . . .  . . 

Citric acid is an excellent complexing agent for iron and nickel. Lanford 
and Quinan have show that ferr ic  ion and citric acid exist as a 1 :1 complex in ti) strongly acid solution More recently, Warner qn Weber have shown that the 
complex probably exists as an anionic species ,(Ci$'e-j3). Evidence for this species 
is provided by the fact that ferr ic  citrate can be removed from dolution by means 
of an anion exchange resin in the chloride form a t  a pH as low as  2. It was also 
concluded that the 1:l complexes a r e  present in neutral solutions as long as suf- 
f icient citrate is present to prevent the formation of ferr ic  hydroxide (about 5- 
fold excess over iron). 

An additional complexing agent (Versene) was used in all runs where citric 
acid was used as a component in the secondary rinse. I t  was not known to what 
extent the citrate would be destroyed by reaction with residual caustic perman- 
ganate and/or manganese dioxide during thd rinse step of the treatment. Con- 
sequently, it was desired to enhance the chelating 'iipwer s f  the solution. A @he- 
lating agent was not used with the amm6nium'citratki. because it was desired to 
take advantage of the greater chelatind power of the Versene ser ies  for ferr ic  
ion under acidic' conditions. The activated corrosion product scale is composed 
chiefly of magnetite (ferrosoferric oxide) and it is assumed that this ils dissolved 
by the secondary solution rinse. However, if the iron were dissolved by the rinse 
solution as ferri te (FeO2-) or ferrate,(Fe204'), it would not be possible to chelate 
the iron with.Versene under any conditions. . Conclusive data is not available on 
the effect of adding the chelating agent, but initial screening data -indicated that, 
when used in conjunctioai with an acidic rinse, the overall effectiveness of the de- 
contamination treatment was increased. Three chelating agents were used in loop 
decontamination tests; Versene Acid,, Versene Powder, and Versene Fe- 3 Powder. 
Consequently, where Versene is used in. this report, reference is made to one of 
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these three compounds. 

Because of the limited solubility of the Versene Acid and the broad chelating 
power of the Versene Fe-3 Powder (chelates iron effectively up to pH 10.5), the 
tri-and-tetra-sodium salts of Versene 'acid in powder form a re  recommended; 
This would include. Versene Powder, or Versene 9. The use -of either of these 
compounds would permit the precipitation of ferr ic  ion as ferr ic  hydroxide in a - 
neutral- or slightly alkaline medium. This would facilitate waete disposal in that 
the iron could be concentrated by precipitation with caustic, Fer r ic  hydroxide is 
also an excellent scavenger and could adsorb other radioactive nuclides on its 
surface. 

During three Poop runs with the caustic permanganate-rinse (citric acid, 
ammonium citrate) treatment, samples of the rinsewereperiodically removed 
and analyzed for iron. The iron was determined by the orthophenanthroline color- 
imetric method. The results a r e  given below: 

PPM Iron 
. Run No. Rinse M in'. M a .  

' . 
9 5%. Ammonium.::..Citrate . 30 . .50' 

.. I . . 

. I 0  , 5%: Citric ~ c i d  6/2% Versene 3 7 5 7 
. . . . 

\ 

It  requires 8.4 parts of Versene Powder and 7.4 parts of Versene 9 to 
chelate 1 part  of metal in the pH range below T . ( ~ )  A 1/2 percent solution of 
Versene (5,000 ppm) would adequately chelate the iron observed in loop samples 
and could be expected to chelate all the iron resulting from a large scale re-  
actor decontamination. 

6.2.3 physical Properties.' . . 

The densities and viscosities of the various rinse soPutions and the caustic 
pesmanganate were determined in order to calculate Reynolds' Number for the 
investigation of flow rate. The densities and viscosities a re  given as a function 
of temperature in Fig. A-1 andaFig. A-2 of the Appendix. The densities were 
determined by means of a specific gravity bottle previously calibrated with water 
at various temperktures. The .viscosities were determined with a Fisher-Irany 

, Vfscameter - - previowPy calibrated with water at various temperatures. 

I There is no data available on the susceptibility, of the caustic permanganate 
and citric acid and/or ammonium citrate rinse solutions to decomposition by radi- 
ation. N o r p l l y ,  radiation of lo8 to lo9 roentgens is necessary to cause break- 
down of similar compounds.(5) Insofar as the solution will be used in a steam 
generator isolated from the reactor core, the possibility of chemical decomposition 
by radiation 1s remote. 
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6.3 Temperature of Chemical. Solutions 

6.3.1 .- Caus t/c Permanganate 
* ,  

From the preliminary s c r e h i n g  data presented in Volume I of the report; 
caustic permanganate solutions. at  temperatures between 185OF and 205OF appear 
to give satisfactory decontamination results. -One test with the caustic perman- 
ganate at 7,5OF gave a poor decontamination factor. 

An examination of the mechanism (Section 6.6) appears to show that it is 
necessary to have the caustic permanganate approximately at the boiling -point. 
All loop runs were performed with the caustic permanganate solution slightly a- 
bove this temperature. The temperature used was approximately 225'~. . Suf- 
ficient pressure was used to prevent boiling. 

6.3.2 r Citric Acid - Versene 

A ser ies  of runs were performed with a primary solution treatment of 
caustic permanganate and a 5 percent citricacid-l/2 percent Versene rinse. The 
rinse was ,circulated in the loop while being heated from 100°F to 250°F. A count 
of the residual activity of the contaminated sample was taken approximately every 
2 minutes during the operation,'(Fig. 10). At various temperatures the slope of 
the activity-time curve was, determined with a Gerber derivimeter. This value 
( A  CPM/ A Time) was then plotted against its corresponding temperature (Fig. 11) 
Thpmaximum slope (maximum change in activity with change in time) was then , 
determined from the curve. 

. The temper.ature range corresponding to the mqximum,slope is shown as a 
brokenline on each of the three curves. This temperature range . . (146~  to 1 7 5 9 ~ )  ' 
was taken as a minimum for decontamination with this rinse. A temperature of 
J 7 5 0 ~  was u$&:on all subsequent.~oop tests; with citric acid-Versene as a secon- 
dary.rinse, to insure complete removal of activity. . 

6. 3.3 Ammonium- Citrate 

The temperature for the ammonium citrate rinse was determined in the 
same manqer as the citric acid-Versene rinse with one exception. For  this 
rinse the concentration of the ammonium citrate was varied to determine its 
(concentration) effect on optimum temperature. . doncentrations of 3 pereent, 
5 percent +d 10 percent by weight of ammonium citrate were used. The caustic 
permanganate concentration was constant (10 percent sodium hydroxide, 5 percent 
potassium permanganate) .' 

There was no point of maximum change in activity per change in time for the 
ammonium citrate rinse ,(Fig. 12). Examination of Fig. 13 shows the break-for 
the 10 percent rinse curve to occur at approximately 2 0 0 9 ~ .  For a 5 percent rinse 
the break occurs between 216QF to 2 2 5 0 ~ .  The 3 percent r inse did not b r e a  until 
almost 2 3 0 0 ~ .  Beyond these temperatures, the absolute value of the slope of the 
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. curves .continu.ally in,cr eases -showing a-&at& r ern.oVal- of '+ctivf.ty.with higher 
temp-erature.@.-'~hese -higher -temPerkfw& may a lso  result:in.kxc&ssive:cor~ 
roeion:, ofLthe:base qDtaI. . Ther efo2 e ,  -the above temp6ratures:wer6 chosen & 

: an. optimum for  . their . r 6spective . . .cen&entrat.ionb. . . . .  . . 
. . . . -  I , ' . . . .  . . . . . .  . .  . . . . . .  i' . . . . .  / I '  . '. 

The effect of activity &@ovai wi&:.increasing tekptiratuke$. israpparent-- .. 
,for:-the l o p e r c e n t  curvB:(Fig. 12j8.- ' 'At 200?F,;'the curve s t a r k  t0 bend as i f  ap--. . ' 

proachjng:a m ~ i m u m p o i t i t , b u t  then. commences toinereas-tias '&ei&mberature. : 

jncreases, Theeurvek of 3 and. . . .  5 p:e tcent a m m o n ~ u m ' c ~ t r a ~ $  dO not shqw this, ef- . 
. 

. !! ... ;. I ';,. . . . . 
feet. . . . . . . . 

. i  . . . .  . " 

, :Theoperatiqgteqper+tWefar~ife:~ar~i'U~;combin~a~ion&dlutio,ns;&aseh&se~ . . .  . , 

on  the basis of the major ebnstituent in the  solutjon. A temperature of 2 2 0 9 ~  was . . 

establishedfdr the 5 percent ammonium ..citratk; '2 p6rcent citric acid, 1/2 per-  
- . cent , . . . . . .  Versene rinse. - P! t'bmper&ture of 1'750~ was es'fablished'fdr the 5 percent 
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MINUTES 

Fig. 10 Activity - Temperature Profile a s  a Function of ~ i m e  for  Citric 
Acid-Versene Rinse 





Fig. 11 Rate of change of Activity as  a Function of Temperature for Citric 
Acid-Versene Rinse 





TEMPERATURE F O 

Fig. 12 Rate of Change of Activity a s  a Function of Temperature for 
Ammonium Citrate dinse 





Fig. 13 Activity-Temperature Profile as a Function of Time for  Ammonium 
Citrate Rinse 
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6.4 '1 Decontamination Flow Rate 

6.4.1 Loog. Flow Modification 

Prior to evaluating the .effect of flow rate.on decontaminatton, it was neces- 
sary to modify the sample sectloti of t h e  loop. This was required. because the 

:. Reynoldsq- Number, which. is a. m,easure. of: ~the.~turbuIence .of the :fluid,. woukd.nat- 
. be constant: in the length of contaminated tubing. ... The~f1uid~would:;not recover 'suf~..-.. 

f iciently -from entrance .disturbances- bef or e leaving the. contaminated tubing section. 
This. would :cause- a se rous -  discrepancy i n  using :a ,value of flow. velocity;-derived 

'.from .experimental .data. In,.a. large steam generator, the tubes would .be Bong 
.enough to allow complete recovery of the fluid. 

The m,odi%ication involved installing an 18-inch length of identical but urn- 
contam.ingteds tubing ,upstream of the sample section. A SwagePok .union was used 
to join the.. contam,inated sample to this .additional tube. length. ; With.this union; 
there w&, a minim.um disturbance to the fluid in passing from the flow levelling . 

B;ection td  the contaminated section. With the:Reynoldsq Number nearly ,constant 
for the .length ,of the. contamjnated section, the calculated. velocity would then be 
a true indication of the average turbulence inside the tubing. 

I t  was only possible to determine a minimum.Reynoldsq Number for the 
.fluid .in the saniple holder due to the ,complicated geometry. However, for most 
cases the minimum value was in the turbulent region. 

. ,  . . . 

6.4.2 .Deter mination of Optim,um,:.Flow~ Conditions 

The variation of final decontamination obtained at  various flow rates is 
shown in-Run No. 22 where ammonium citrate was u ~ e d  as a rinse solution 

'(Fig. 14). The caustic permanganate treatment and f i rs t  water rinse were per- 
formed at  2 ft/sec. The ammonium citrate rinse was f i rs t  circulated at  2 ft/sec. 
After 12 minutes at  2 2 0 9 ~  at  this flow rate, the residual activity was constant. 
When the flow was increased to 4 ft/sec , a noticeable drop in activity -was ob- 
served; 14 minutes lates the flow rate was increased to 6 ft/sec , and a further 
drop in residual activity was observed. I 

To determane an optimum. flow for the secondary solution .rinse, a ser ies  
of loop decontamination tests were performed with Type 304 3/4-inch 16-Gage 
BWG, sta\nless. steel tubing. The tests were performed with ammonium. eitrate 
.and lcitr ic acid-Versene encompassing .a flow range .of, 2 to 12 ft/see.. The 
.velocity of -the caustic permanganate soPution was the same a s  that of the water 
and secondary solution ,rinses. The. decontamination.factor and background 
.factor were determined .for each. loop run. 

. : .., .,. 

. 
A definibflow dependence was.found with the 5 percent ammonium eitrate 

rinse. ,It  was .observed that an increase in flow rate tended to increase the r6- 
moval of actjvity.$Fig. 15). With c.itric acid there was no apparent effect'of flow 

. rate on the removal of activ!ty,(Fig. 16); This flow dependence of the amqontuan 



citrate rinse may be due to the difference in pH between ammonium citrate and 
citric acid--Versene. The ammonium catrate-rinse (pH = 5.1) may require a 
turbulent -action for effective removal abd chelation of the contamination. Citric 
acid-Versene (pH = 2.4-2.5) probably removes the activity by chemical reaction 
as well as chelation. . 

- - .  

It is believed that there is no dependence 0% flow with caustic permanganate. 
During, Run No. 22 '(Fig. 14) the flow of the caustic permanganate was kept con- 
stant while the flow rate for the ammonium citrate was varikd. In later tests, - 
the flow rate of the permanganate solution was the same -as -the ammonium ,citr ate. 
The data from Run No. 22 fall; on the curve of the data obtained from later am-' 
monium ciGate runs. The discussion of >the decontamination mechanism (S,ectfon 
6.6) will present a c l e v e r  understanding of the caustic permanganate treatment. 

- If ammonium eitrate is used as a secondary solution rinse,, high flow rates 
would be necessary to achieve good decon t~ ina t ion .  It was found that the ad- 
dition of citric acid to the ammonium citrate r i m e  reduced the background factor 
with no' change in velocity. This is shown by the data in Table 3. This would 
permit lowering the flow rate  to a value below that which would be necessary for 
ammonium citrate. 

.TABLE 3 . Effect &. Citric. Acid-Versene..bn The .Flow .. . . . . 

.: Dependenc y.6f  Ammonium-.Citr ate - .- 
. . 
, . . . I  

: Run No. PPow :S;eeondary .Solution. .Background 
Veloc ity . . i Factor 

;.- gt;. /s ec. 

23 5 5% Ammonium Citsate 10.8 
43 5 . Citrate Combination Solution 7.7 
46 5 ' Citrate Combination .Solution 7.2 

It would also avoid using the citric acid-Versene rinse which has a lower 
pH and would be expected to result in a higher corrosion rate. This would also 
be true for the citric acid combination solution. Consequently, a flow velocity 
of 5-feet per second was chosen for the citrate combination solution. This value 
represents a minimum flow velocity. Higher flow velocities will result in better 
decontamination but pumping and piping costs would be higher. 

6 .4 .3  "Aeration" Effect 

I t  was observed that greater decontamination was achieved when the loop 
was exposed to the atmosphere between the end of the f i rs t  water rinse and the , 
addition. 08" the citric acid-Versene solution (Table 4). This eff ect was not found 
with the ammonium citr ate rinse. 

\ r  I , 

L 

48 
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Fig. 14 Variation of ~econtamination with Flow Rate - Loop-Test RunNo. 22 
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Fig. 15 Relationship Between Flow Velocity and Decontamination using an 
Ammonium Citrate Rinse 





REYNOLDS' NUMBER 

Fig. 16 Relationship Between Flow Velocity and Decontamination using a 
Citric Acid-Versene Rinse 





. . TABLE 4 :.. ~ f f  ect ,of C,itr ic iAcid-Versene Aeration. Period 
.on, Final Baclgroutidi Factor 

. . Net 
... . , ; .~es idual  Aeration . .. . 

. ' \  

. Run&No. .. Eldw . Rate . ..Activity . Time , Background Factor-' ., 
~ P S  cpm 'Minutes (Background =:'735'cpm) 

3 2 5 11,920 3 16.2 
29 4 20,660 6 28.1 
2 8 8 8,070 11 11. 0 
30 12 12,040 11 16.4 
2'6 6 5,200 12 7 . 1  

I 
26 10 10,850 12 14.8 

I 
31 3 12,150 12 16.5 

I 15 5 1,840 28 2.5 
20 1 4,750. 38 6.5 
33 4 4, '780 56 6.5 
34 a 4,170 6 1 5. a 

The data of Table 4 a r e  shown graphically,in Figure 17 where background 
factor is plotted against the or a ir  exposure time. The curve indicates 
that an aeration period of 20 minutes or  more reduced the background factor m ~ ~ e  
than three-fold over that when no aeration period was used. The cause of the aera- 
tion effect is not known a t  this- time. It may be due to a further oxidation of the 
activated corrosion product scale by the manganese dioxide in the presence of air. 
The lower pH (2,4-2.5) of the citric acid solution may have a greater tendency to 
remove the resulting scale than the ammonium citrate rinse (pH = 5.1). 

An period .of at  least one' hour was used. in subsequent. loop tests 
involving the',eombinatio,n solutions- since citric acid is a constituent in both the  

..: citric acid. c~mbi,nation and .the citrate combination solut~ons. 









6. 5 .$Re8 idence. Tim.e. of.: Decontamination Solutions 
.. . 

In  this, r Gor t ,  residence time is: 48fined:as the t imedur ing ,which a .par ti- . . 
. cular soluijon is: in; contact with"t+e contaminated surf ace at  the- desir ediflow -and 
.temperature.- It-does:not 'includethe time dui.i.ng which the solution is: circulated 
and brought to tempaatur e. 

. . .  . . .  

The selection'of a residence time is similar to that of concentration in that' 
it requires a compromise between corrosion rate  and ability to decontaminate. 

a When the activity has reached a constant value, it can be assumed that further ex- 
posure will remove little if any additional activity. This is importaf~t fdr the 
secondary solution rinses where corrosion rates a r e  higher than foi  the caustic 
permanganate. 

Generally, preliminary screening tests were performed with a caustic per- 
manganate residence time of 30 minutes. In one case where the residence time 
was increased to 60 minutes, a higher degree of decontamination was achieved for 
the same secondary rinse conditions. However, in loop experiments, the contact 
or exposure time for the caustic permanganate varied from 70 to 89 minutes. 
This included a heat up time of 30 to 35 minutes, a residence time of 30 minutes, 
and a, cooling time of 10 to 15 minutes. 

The residence time for the secondary solution rinses was determined from 
the results of 20 loop tests. These runs were performed using caustic pe~mangan- 
ate followed by various secondary solution rinses, i. e. 5 percent citric acid - 1/2 
percent Versene, 5 per cent ammonium citrate, qr the citrate combination r iwe. 
The data were shawh ihbaqgp;aphi'form(FigD 18) ; the time required fok the activity - 

t o  reach a constant value '& Grn 
= 0)  

is shown as afrequency distribution. The 
(.n time 

graph indicates that constant activity was generally reached between 118 and 22 
ininutes iIfter reaching the recommended temperature. There were no l ~ o p  runs 
where a residence time longer than 27 minutes was necessary, nor was'there any 
evidence that a pwtiicular rinse favored a specific residence time. On the basis 
of these results, a residence tjme of 30 minutes is recommended. Any additional 
time beyond 30 minutes would only increase the corrosion rate while removing only 
negligible activity. 
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Fig. 18 Evaluation of Residence Time for Secondary Solution Rinses 
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6.6 4 Mechanismfor: Caustic Permanganatq, Citric Acid, ~ m r n o n i u ~ .  
.. . ... c i t r a t e  Decontamination ' , 

1 . . .  
, . 

! I . , 
8 . ,  9 .  

It was'stated in  Volume I of this report that nitric acid, oxali&,.acid, citr t. 
acid, a n d  ammonium. ci t r  ate were . equally - effective as'. secondar solution rinses; 
This may. indicate.,that tjleserinses ,r.emoved the :activated-'corro$:ion.product w a l e  
by the  sameimechanism. ~ n ~ ' a t t e m ~ t  to improve on -the effe'ctiVenessof the-de; 
c-ontamination'.@eatment must be made with s o m e  idea  of the aver  al l  mechaiisrn 
involved.  ber ref ore; possible m,echanism is presented which may-~acasunt-for 
s-omeof the  ~bservations noted during the course of this. work. The mechanism 
involves. four steps: . . ., 

I .' 

- A. Oxidation . . 
I . .  . .  . 

. B. For mation, of ~ a n g a n e s e -  ~ i o x i d e  , . 

..'-C. "Aeration" or &r .Oxtdation (when eitric acid .is employed in the 
secondary solution rinse) 

, . ... 
D. ,   em oval of Activity 

. . . 1 : 

T h e  first, step i n  the decontamination treatment is. the:formation and reaction , :: 

of the .oxidizing :solution. '. When a mixture of caqs tic and permangan e . is heated 
.near the boilingpoint, oxygen is liberated . . according to the reaction b\ - 

. . 4KMn04 + 4 . NaOH 4 NaKMnOq + 2 -Hz0 + 02 . (I) 
~ u r p i e  Green . . 

The combination of the permangGate and oxygen provides a strong oxidiz- 
ing media to convert the corrosion product scale to a form that can be readily re-  
moved by the secondary solution rinse. The oxygen is probably r6sponsibIe for 
the sharp increase in the corrosion rate of Type 304 stainless steel in caustic per- 
manganate at  9 50C ,(Section '7.3.2). 

*Radiochemical analyses of the permanganate and citrate solutions, follow- 
ing decontamination of a section o the APPR-1 steam gqnerator divi&aag;lp%'ate, ,re- 
vealed that 75 percent of the Mn5'activity was removed in the permanganate so- 
lution (Section 8. l .  2). The ~n~~ has been found associated with the rimary 
system reactor water rather than the insoluble corrosion products . This 
activity may be merely adsorbed on the oqide scale and subsequentPy remcsrred by 
exchange during the caustic permanganate step. 

The second step in the decontaqination mechanism is the fprmatiow of a 
brown film which is assumed to be manganese dioxide. This is an excellent 
scavenger for radioactive nuclides whether they a r e  present in solution or as- 
sociated with particulate matter. The MnO2 is formed as the result sf a dispso- 
portionation reaction of the green manganate solution in an excess of water or in 
the presence of acid: (6) 

3 NaKM404 + 2H20 -2KMn04 + 3NaOH + KOH+Mq02 (2) 
1 I 
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The reaction does not t h e  place in an excess of alkali; however, it will take- 
place if the alkali is removed by the addition of acid, even a weak-acid such as - 

carbonic acid, , Contaminatqd pipe samples, used in bench screening tests; were 
invariably covered with a brown film, after brief-rinsing with water fol-lowing the 
caustic permawgaknate step. Metal test specimens, removed- from the sample- 
section of- the Poop after the completion 0% the f i rs t  water rinse were also found-- 
to possess this same film. However; as the pH of the first  water rinse-was basic 
(pH of 12. 5 to 12,8) in all loop runs, it is possible that not aEB the manganese - 

dioxide was formed until the addition of the ammonium citrate and/or citr ic acid- 
Versene rinse. 

Thb third step involves an "aeration" time of Qe contaminated specimen 
following the f i rs t  water rinse. As previously stated in Section 6.4.3, the reason 
for increased de~ontamination as a result of the aeration period is not hown a t  
th i s  time. 

The final step in the decontamination is the removal of the activated cor- 
rosion product scale. It has been shown that the major part  of the activity-(ap- 
proximately 80 percent) is removed by the secondary so8ution .rinse, The rinse 
must accomplish the dissolution 6f the manganese dioxide as  wela as the removal 
of the corrosion product scqPe. The former is accomplished by chemical reaction 
with c ika te  and/or citric acid-Versene by reducjng the manganese to the man- 
ganous ion form. The citrate and/or citric acid is probably converted to a de- 
gradation product such as itaconic or aconitic acid with a mjnirnum of gas evolution. 
The scale removal may be accomplished by a loosening and solublizing action 0% 

the citrate and/or citric acid-Versene solution. All rinse solutions "kemoved 
during the secondary solution phase of the decontamination were feu* to be clear. 
Citrate is an excellent complexing agent for ferr ic  ion ,  forming mole to mole 
complexes in the pH range from 1 .5  to 7 (3). ~ e k e n e  is also an excellent com- 
pPexing agent for ferr ic  ion, particularly in the acidic range and for other poly- 
valent ions in bcath, the acid and basic r angFs. 



PART II METALLURGICAL , . ASPECTS 
I . .  

, _  7.0 DISCUSSION 0.F: RE&TLTS. . , . . . 
. .. . , . . . . 

. - 
. .  . . : The metallurgical aspects of the de~ontam~nationp~ogram.involved -loop; 

. ,dynamic autoclave, and static -autoclave testing- of m,efals:exposedto the :caustic 
permanganate .and.. the .ditr.i,c acid-Veraene ..ammon.ium .:citrate:rins.e   solution^. 

., Corrosion.. ra tes  were--detepined..for Type:304- stainl-ess-steel-(annealed and- 
'sensitized) ,; Babcock and W.ilcox:.Croloy 1 6 ~ 1 ,  and carbon steel. (AISE.,CI,O,10)'~ .-. . . 

~ e t a l l u r g i c a l ,  testing -involved: checking .,met?P. test. specimens, welds;'. and;'LU"bends 
for evidence .of intergranulqr.corro%ion, cracking, 'contact corrosion, and pitting. 

1 Theprogramout1ine:is given below: . . 

. . 
. . 

A. '. Loop.:Studies . . . 
. . 

. . .. . 

1, : Corrosion. Rate ;bra .Decontaminating.:Solutions 
. . a, . Type ,304 stainless steel (annealed and sensitized) 

b. . . B,abcock.:& .Wilcox,:' Croloy 16- 1 
c. - ., Car.bon:Steel (AISI~C11010) 
do ' ~nconel(SXmnlated :APPR- 1 run only);''. 

.. : BS Dynamk. Autoclave Tes.ting ,(I 5- 1'6 hours) 

1 . Corrosion: Rate .in:Caus tic ' Pesmanganate . . 

a: Type: 304 stainless steel (annealed and.aensitieed) coupons, ' . 

"Ul1 bends - and weld samples 

. . . . 2.. Corrosion: Rate in: ~ i n s e . ~ o l u t i o n s .  same a @  Bla 
/ '  :. . 

i C. . -Long :Termstat ic  Autoclave ~ e s t i n ~ .  (4-8 weeks) 
, ' 

. . 1. - Corrosion. Rate. i n  caustic Permanganate:same .&~$zg,  :c:; :i, ,~!?;~i;.,% 

2. Corrosion Rate in Rinse So1ution:same as Ala, c 

'7.1 Loop Decontamination Corrosion Results 

The sample section previously described inasection 4.2.4 of this volume 
was used to determine corrosion rates for various metals exposed to the decon- 
tamination treatment. Metallurgical analysis was performed on these coupons 
and also on sections of tubing that had been exposed in the APPR-1 pusilication 
blowdown line and subsequently decontaminated. 

,,. corrosion test specimens were exposed for the entire loop decontamination; 
consequently, only total weight loss results a re  reported. A's a number of differ- 
ent rinse solutions were evaluated with some variation in total exposure time, 
loop corrosion results have been tabulated as weight loss per decontamination 



. .. . 

hour (m:gs'/dm2,-hr)~o The decontamination exposure time .varied:from!.2. 5 to 3;O - - 

hours;  one loop run was, . . 4.25 hours. . The loop exgosur e ,time included the :following: 
. . .. . . . ' . . ,  .: . . ,. . 

i ,  

A. - Caustic p e r  maiganate : .  . :Qtep . .  Minutes 
. . ,  . . . , 

i 1 .' . Filling loop and heating;so~ution'to. , 
temperature . . (225-,2500~) - - -. - - - 9.- . . - - p.. - - - - , 30-40, . 

. , . . . ,  . . , .  . . , I .  ' .  .. , _ ,  ,.:. : .,.... .: . .  8 . . . . ,  . .  . -  .' 7 .  . . . ' .  . . 

, 30. . . : : ' . .  .2, Atrtemperature - - - -  - - - - -  - - . -  - -  - -  - -  - - - 
. . ' .[ 

' . .3. .'Cqoling. prior to draining - - - - - - . -  - - - - ' -  - - - . 
. . ' ' .  

10-i 5 
. . 

, :  > ,  ;Bo .  . W,ater.'Rinse:St6p - -;- - - I .  -..- - - - - -.- - ' -  - - - ,- - - - - - ,  10 ' ,  .".. 

. C Citr ate Rinse..;Step 
. , . . 

1 .  . Filling, loop and .h&a6ing aplution to , . . 

, teqperature( lT5-220w - - - -  - - - - - - - - - - ,- . 30,- 3 5 

3. - Cooling prior to draining - - - -. - -. - .- - - - - - - - 0-10 ' , .  

a0 ..-;Do .Water' Flushi Step :(First) - - - - - - - - o - - - - - - - - - 
Total - - - - - - - - 2.5 to 3.0 hours 

The water rinse and water flush steps were included in the total exposure time 
because it was felt that the residual chemical solution in the loop during these 
steps .might cause additional corrosion and add to the total weight loss. 

, . 7.1 .1 .  Metal Coupon and Tubing,Resul.ts ~ 
.:Figure I9 is a graphical summary of 13 loop runs where metal specimens 

were exposed to various solution treatments a The data have been grouped s o  as 
to permit a e o q a r  ison of' the r i m e  solutions under approximately the same con'- 
ditions (Appendix Table B- I, -21, 

a There does not appear to be a significant difference in the weight loss re- 
sults between the ammonium citrate rinse and the citric acid-Versene rinse with 
the exception of the Babcoek and Wlleox Croloy 16-1. However, the-Croloy 16-1 
results show considerable variation, ranging from 2.4 to 81.0 mgs/dm2- hr , 
which may account for the higher results. There does appear to be a significant 
difference in the weight loss between the annealed and sensitized Type 304 stain- 
less steel. The refative difference is shown in Table 5 where the weight loss for I 

the different metals tested a r e  compared to annealed Type 304 stainless steel. 
The average weight loss of the sensitized steel resulting from the decontamination 
t reatpent  using 5 percent ammonium citrate as a rinse was 3.1 times greater 
66 



Fig. 19 Effect of Different Rinses on Weight Loss of Various Metals 
Following the Caustic Permanganate Solution (225-250°~) 





. .. . .  , 

than:that of the annealedsteec- The weightlorsks on the sensitieedsteei were . , 

even -hjgher in the :cas.e,.of- the ..citr:tc: acid-Versen-e: (3.6) and t h e  citrate-xnnbina- 
' 

t ion rinses :(6: 7) 1 The:BaBcock a@Wilcox . .  . , . .  , .Croloy 1B.l: and carbon steel weight 
losses. were signgnificantiy:higher in the order mentioned. 

. . 

TABLE 5 Ratio. of Weight Losses for Various Materials 
to-Annealed Type 304 Stainless, Steel - Caustic 
Per  rnanganate - Rinse Tr  eatmen& 

i .  
. .  . 

' I 

I Material 
. . 

5 %  A&n,oniurn 5% Citric. Acid,:+' , ' .: ~ i h i c  ~ c i d - ~ e r s  ene, ~ . . . . ' :  . . ,:,Citrate. , 1/2% ,Versene . , . ~mmonium:,~'itfat.te 
. , , ' , :..Colm,bination 

, . , . 

I 1 .  
n Type 304:,Stain-, 

j less.Stee1 . . , ,. , , . 
' I. 

.(Sensitized) 3 . 1 , .  j .  3.'6 : 6.~7 . ! .  

.:'Babcock and. Wilcox 
. . :..Croloy.16-B 10.3 

Carbon..S,teel 
291 (&St: ch610) 239 - 

A number of contaminated sections .of Type. 304 stainless steel tubing. de- . 
contaminated in loop tests w e r e  examined f o r  metallurgical effects. Photomicro- 
graphs 0% the tubing exposed.to the various solution treatqents revealed .no evi- 
dence ot any. deleterious effects.'(Fig. \ . 20,: Fig. 231). 

A number of dtainless steel coupons were exposed to more than one decon- 
tamination treatment in order to determine the corrosion effect as 8 result of' 
succeqsive treatmmts. The results for Type 304 tainless steel are presented i7 in Pig. 22 where the weight loss results (mgs/dm -hr) a re  given as a function of 
the number 0% decontamination cycles. The previous treatments for each point 
were not necessarily performed with the same chemical solution. As  would be 
expected, the corrosion rate  is the same if not lower for succeeding decowtamfna- 
tion cycles. The decrease in corrosion rate is more apparent in the case of the 
sensitized metal than in the c u e  06 the annealed metal. The corrosion results 
for the citrate corn-bination solution were not ineluded in Pig. 2% as only coupon 
data exposed to two decoaFamination cycles were available (Appendix Table B-9,4).  . 
However, the results indicate the same pattern of decreasing weight loss with 
successive decontamination cycles. Photomicrographs of stainless steel coupom 
(Type 304 annealed and sensitized, Babcock and Wilcox: Croloy 16-1) revealed no 
evidqnce of inter granular corrosion, cracking, or localized attack ,(Fig. 23, 
Fig. 24, and Pig. 25). 





5YlD .g o-wyo ~ . ~~ 

Sample Exposed to Claustie Permwg@p%tg+$% Ammon- 
iuin Citrate D e c o n t a a t i o h  ~ ~ ..T&ea%&eM-mp Test 
No. 25 

w .., Fig. 20 - Photomicrograph of Type 304 Stainless Steel Tubing Exposed to 
to a Decontamination Treatment 
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500 X Oxalic Acid Etch 
Sample Exposed to Caustic Permanganate-5% Citric 
~ c i d ,  1/2% Versene ~econtamination Treatment-Loop 
Test No. 34 

500 X Oxalic Acid Etch 
SamDle emosed to Caustic Permanrranate-Citrate 
combinatibn Solution ~econtamination Treatment- 
Loop Test No. 43 

Fig. 21 - Photomicrograph of 
a Decontamination Treatment 
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0 5% AMMONIUM CITRATE AT 200eF (5 fps)  
5 % CITRIC AClD t i  %VERSENE AT 200°F (5fpS) 

3.5- 5 % CITRIC AClD t 2 % AMMONIUM CITRATE 

3.0- t ? % ~ ~ ~ ~ ~ ~ ~  AT 175.F (2 fps )  

ANNEALED 
2.5 - 
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SENSITIZED 
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E e 0 I 
8 3 -  I I 

- t a I 

0 
8 

I I I I 1 I I 
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NO. OF DECONTAMINATION CYCLES 

Fig. 22 Effect of Decontamination Cycles on Weight Loss of Type 304 
Stainless Steel 





Fig. 23 - Photomicrograph of Annealed Type 304 Stainless Steel Coupon I 
' I , '  , Egposed to Two Decontamination Treatments 

4 - - 79 



500 X Uxalic Acid Etch 
Sample Untreated 

500 X Oxalic Acid Etch 
Sample Exposed to Caustic Permanganate-Citrate 
Combination Solution and Caustic Permanganate- 
Citric Acid Combination Solution - Loop Tests No. 38, 
39 

Fig. 24 - Photomicrograph of Sensitized Type 304 Stainless Steel Coupon 
Exposed to Two Decontamination Treatments 
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500 X Chromic Acid Etch 
Sample Untreated 

500 X Chromic Aeid Etch 
Sample Exposed to Caustic Permanganate-Rinse De- 
contamination Treatments 

I Fig. 25 - Photomicrograph of Babcock and Wilcox Croloy 16-1 Coupon Exposed 
to Two Decontamination Treatments 
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7.1.2 : :Relationship.. Between C~orro$ioa.R,ate and Decontamination ' : ' . , 

with t h e  -causti& ~ b r m a n ~ a n a t e - ~ i n s e :  Decontamjnat1on Method , 

- .  - .. . . . . . .,. , 
, .,. , . . . 

.,. A number-of metal, coupons ;. contaminated in the ~~~~-l-~ur.ification:~~stern 
w e r e  , . decontaminated by - the, caustid.p+rmanganate-r ins8e -decontaminationme~od0. . . 

The purpose o f  -these- loop. t e s t s  w$" , . .  to . determinethe t elatjve dec6ntaminatioh abili- . 
iy of thetreatment  on: var iourj m~lals.:; Thk metal  coupons- (3-1/2 x'.1/2: x lfi6;inch) 

.: were exposed-for various per iods:of: fime i n  the. APPB- 1 primary -pur.if.tcation sys- 
e m ;  - These coupons. wer d d,ubequgrhtly .washed; 'counted, and .then-.weighed.-prior; 
to loop decontam:ination ~ h 6  activity of thecoupons was determined by m e a n s  of 
a thin mica end window G-M tube connected to a Model 1091 . qtornic Associates 

! -Scaler. - Suitable corrections were made f o r  coincidence and'backg~ound. The 
background .factor was. based on an aver age background value. d 

The results,of the loop decontamination tests a re  presented in Table 6. The 
results for the )Type 304 stainless steel coupons indicate a relationship between 
the descaled weight loss (due to the decontamination treatment) and the extent of 
decontamination:(Fig. 26). An increase in weight loss results in an increaased de- 
contamination, factor with a corresponding deer ease in background factor. The 
resul+ for theCroloy 16-1 and the carbon steel have not been included in Fig. 26 
because of an insufficient number of samples. However, it is interesting to note 
fro& the Crolloy 16-1 results in Table 6 that excellent decontamination was achieved 
a t  the expense of corrosion. There is no apparent relationship between the carbon 
steel weight loss results and the extent of decontamination. The activity on carbon 
steel specimens exposed to the APPR-1 primary coolant is known to be loose and 
easily removed. (8) 

It should be emphasized that the. descaled weight loss results reported in 
,Table 6 include both the activated corrosion product scale and the base 'metal. 
 his is the weight loss that would result from the decontamination of a rdactor 
system. 



TABLE 6 Relationship Between decontamination Factor; 
Background7Factbr, and Weight -Loss -om Various 
Metars-using the Caustic Permanganate-Rinse 
Deeontanlination, ~ r - k a ~ e n t  

. . .  

Initial Activity ::.Final Activity :.D. F. . p-.,J?. Total 
(beta-gamma) (beta-gamqa) ': Weight 

P . - , cpm ' .  Loss 
mgs/dm2 

. . 

Type 304 stain less^^ Steel (Annealed) 

Type 304:Stai~lese~ Steel (Sensitized) . 
. . 

: Babcsck. and ;Wileox: Croloy 1.6-1 

,131,307 ,169  aaa 0. 52 57. 
,405,778 20 5 516 Oc.63 ,5118 
129,024 . 179 72o .O. 55 . 602 

.:i Carbon-:Steel 

.36,059 109 33i 0 . 3 3  672 
70, 627 ,783  .90 2 . 4  8 29 
$8,659 1212 40 3- 7 988 
3'3,865, 38 1 89 1.2' , 2 7 3 1  



WEIGHT LOSS M g ~ / ~ , n  

Fig. 26 Relationship of Decontamination Factor and Background Factor. 
to Corrosion Rate of Type 304 Stainless Steel 





. . 

. '7.2. i l  Dynamic: Autoclave .Test Results 
. . . . .- . .. . . .. . - .  . . . . 

, . 

: The .design of. the. sampte .-section.; of . :the , -loop. did. not permit the rnetallurg.ica1 
evaluation: of :. Type- -304 stainless . steel. stressed -.and-.welded samp-Ies . : Dynami-6'. 
autoclave~corros,ion studies- were theref ~ r e - ~ e r f o r m ~ d  with. these ,specimens. as 

. weli..a;s.. . T ype: 304 stainless s teel :cougd~(annealed.  and. sensitized);---Corrosion-. . .. - ; 
and mejaklogr aphic i . d o ~ m $ ~ l o n : & e r . e , ~ b ~ & n  -the various -metal samples:-expos ed 

t o  solutions of- 5-percent citric- acid;-l/2 percent Versene; ~ ~ ~ i e n t  amm.onium. . . .. 
-- . 

:..citrat'e:L ditrate rinse:(5 percent ammonium :citrate, 2 .percent:'citric acid, 1/2 per-' 
centversene) at  175.OF, and .caustic permanganate (10 percent sodium';hydroxide~ -- 

: 5 percent potassium permanganate) at  i 9 5 O ~ .  . An evaluation of the relative effects , , 

: of each solution on. the various . specimens could then be. obtained. ., With ,the ;ex- 
ception: of the citric acid-Versene, it was no t  possible to obtain the temperatures 
previously established in- Section 6.3 for the. decontamination . solutions . because :of 
the experimental arrangement.. 

A stressed specimen was prepared by bending a coupon (3-1/2 x 1/2 x 1/16- 
inch) into the shape of a "U". The sensitized stressed specimens were sensitized 
before bending to avoid any possibility of s t ress  relief. 

Weld specimens were prepared in such a manner as to duplicate the tube 
to tube sheet weld in the APPR-1 steam generator. This included the use of a 
*ype 308L stainless steel welding rod filler wire (Fig. 27). The sensitized and 
weld metal areas of the weld specimens were examined metallurgically because 
the  decontamination solution will come in contact with these areas during an actual 
decontamination of a steam generator. The root area of the weld would not be ex- 
posed to the decontamination solutions. 





I 

I@[ Fig. 27 - Photograph of Simulated Tube to Tube Sheet Weld Specimens 
Y I  
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'7.2.1 Test Equipment and Procedure 

The inletof a'Type 304 stainless steel autoclave of 1.2 liter capacity was 
connected to the discharge of a small centrifugal pump. The discharge .of the 
autoclave was piped to a 3 li@r glass beaker open to the atmosphere. The 
suction side sf the pump was also connected to this glass beaker. All piping 
.was made with 1/4~inch Type 304 stainless steel tubing. The test  specimens 
were suspended in the autoclave on a thin len&h of Type 304 stainless steel 
wire. The specimens were separated from each other by sections of glass 
tubing. Metal to metal contact was therefore restricted as much as possible. 

For a typical test, the specimens were placed in th; autoclave and the 
solution under investigation was heated in the beaker by a hot plate. A heat- 
ing mantle was wrapped around the autoclaye for an additional heat source. 
When the solution was at the proper temperature, the pump was stariedand 
the.golution circulated through the autoclave for the desired period of 'time. 
~ h e ' t e m ~ e r a t u r e  of the solution was maintained within*   OF by proper use of 
the heating mantle and hot plate. In al l  tests a flow rate of one gpm (0.025 
ft/aec) was\ maintained by controlling pump speed with a powerstat. 

Prior to exposure, the specimens were washed in water and acetone to 
remove any foreign matter and then weighed on an analytical balance. The 
specimens were exposed for fixed periods of time (0.5, 0.5, 1, 2, 4 and 8 
hours), removed f rom the autoclave a t  these intervals, washed in water and 
acetone, and reweighed on the analytical balance. 

' ' 7.2 .2  ~ e t a l  Coupons 
. , 

The weight loss of the coupons due to exposure i n  thefour solutions 
.a re  .presented in Appendix Tab1e:C-f -4. The weight loss results as .a func- j .,. . . 

tion of exposure time a r e  presented in Fig.. 28 and Fig.. 29. - The .anneaJe.d 
metaJ.sampBes showed only a small weight loss in each of 'the three r inse  
solutions af te r  15 to 16 hours exposure, i.; e. 2. 5, 3.0 and 3.5 mgs/dm2 f o r  . .  

..the. citric acid-Versene, 'ammonium citrate, and the. citrate ..combination 
solutions respectively. These weight losses represent a total penetration 

o f  approximately 0.001 mils. Metallurgical exafnination of the coupons re- 
vealed no evidence of intergranular corrosion .or cracking .(Fig. 30 top). 

Weight losses f o r  the sensitized coupons were significantly higher than 
the .annealed coupons. It appears that lower pH resulted .in a greater initial 
corrosion .rate. This can be seen from the weight loss after four - hours ex- 

.posure in the respective rinses (Table. 7). After approximately fifteen ho,urs , 
exposure, the .values approach .a point where the total weight losses have 
nearly the s a m e  values, but a r e  higher for lower pH solutions. 



TABLE - a.  Comparisoi.of Wedght LOBS Results f o r  Type 304 Stainless Steel, 
. . . . '(Sensitized). after 4 and 15 Hours in Various Decontamination 

. " . . 
.Solution ,Rhbs'es at 'l75OF . ' 

Solution pH . 

Citric Acid . 2.5 
Citrate- Com- 

.. bi.nation .rinse .4, 3 
Ammonillllm . . 

eitrate : 50  1. , 

T o h l  Weight: Loss mgs/dm2 , 

. 4  hourss' 
* .  

.' 15 'hours 
. . 

. . 
.49,.3 . '. . 20,2 

. . . .  . . ( 

Total Penetration .:' . I . .  

(mils) 
. ~15 .hours  

:' It; would be expected that the:l&er PH sdlutions would tend t o  causemore ' ,  
- . .  

attack; Since h e  -coupons appear to approach a sf eady lstate corrosion rate, , 

. . 

there:;may .Got be .any . significant. . atta* after the initial contact period. 
. . . "  . . .  : _ . .  

.BknstsmicjPogra~hie exahination of the.sensitized coupons revealed no ' . . 

evidence of any significant amount of intergranular corrosion (Fig,.' 30 . . .  bottom). ., . 
.. .w . . . . . . . .  . . . . . . .  ,.,.,$ ; : ' . . . . 

. . For the pY.ima'ry treatment so.Irntion (caustic pkrmanganate); the-,final ' .- 

weight losses-werefhigherthan in the rinse solutions for both-thelannealed and , . . . . .. 
sensitized coupons,. This may be a result  of the higher te.mperature:of this ; , . . . 

tes t  (195°F .as compared to 175°F' for the ,rihse), and the effecf:of the.oxyg,en . , . 

evolved from the caustic permanganate .at .high temperatureso The ..difference 
,between. t h e  sensitized .arad..annealed. weight loss reslaltii is not -as lqrge as ob-. 
served.  in the case of the. sedandary solution rinses. This is due-to the greater 

I . . 

. attack of the .caustic perma,nianate . . . .  .on. annealed Type . . .  30,4 stainless s t  eel; I 

. . .  
$ .  , . . .  . . .'_ '. 



' TIME (HOURS) 

Citrate CombinationSolution a t  1 7 5 ~ ~  and 1 gpm 

Fig. 28 - Dynamic Autoclave Weight Loss Results of Type 304 Stainless Steel 
, , for Citric Acid-Versene and Citrate Combination Solution Rinse 
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TIME (HOURS) 

5% Ammonium Citrate a t  1 7 5 ' ~  and 1 gpm 

Caustic Permanganate a t  1 9 5 ' ~  and 1 gpm 

Fig. 29 - Dynamic Autoclave Weight Loss Results of Type 304 Stainless 
Steel for  Ammonium Citrate Rinse and Caustic Permangana-te Solution 

9 1 





500 X Bxalic Acid Etch 
Annealed Sample Exposed for 16 Hours at 1750F and 
1 gPm 

500 X Oxalic Acid Etch 
Sensitized Sample Exposed for 16 Hours at 175OFand 
1 gPm 

Fig. 30 - Photomicrographs of Type 304 Stainless Steel Coupons Exposed to the 
Citrate Combination Rinse Solution 





7.2.3 "U" Bends and Weld Samples 

The Type 304 stainless steel annealed and sensitized "U" bends, ex- 
posed to the various decontamination solutions, were examined for stress 
corrosion cracking. The sensitized and weld metal area of the tube to 
tube sheet weld specimens were examined for intergranular corrosion, 
cracking,and localized attack. Photomicrographs of the "U" bends reveal- 
ed no stress corrosion cracking on the inside or outside edges (Fig. 31 and 
Fig. 32). They also revealed no cracking nor evidence of any significant 
amount of localized attack or intergranular corrosion of the weld specimens. 



500 X Oxalic Acid Etch 600 X Oxalic Acid Etch 
Annealed Specimen Inside Edge Annealed Specimen Outside Edge 



1 500 X Oxalic Acid Etch 500 X Oxalic Acid Etch 
Sensitized S ecimen Inside Edge Exposed for 16 Hours 8 SensitizedS ecimenoutside Edge Exposedfor 16 Hours 
at 175OF an 1 gpm at 1150F an8 lgpm 

Fig. 32-Photomicrographs of "U" Bend Specimens Exposed to the Citrate Combination Solution Rase  
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7. 3 ; ong Term Static Autoclave Tes t  ~ e s u l t s  t. . ;  . , ,  . 

The purpose of the lo'ng term static tests was to determine the ,mag- 
nitude of fhe corrosion rate which could be expected during storage of the 
c austic permanganate and the citrate combination waste solutions. It was 
h h o  of- idtere,st to determine the relative effect of temperature of the vari- 
ous decontamination solutions on Type 304 stainless steel@ndAISL C1010 
carbon steel specimens. The speciinens used in these tests were the same 
size and shape and had received the 'same heat treatment as those used in 
the dynamic autoclave tests (Section. '7.2). 

'7.3.1 Test Equipment and Procedure 

The long term static corrosion tests were performed in 1 .2  liter 
stainless s t e e l  autoclaves. The metal test specimens were suspended in 
the autoclaves by the same method as that employed in the tIp$ii ic auto- 
clave tests (Sections7. 1.2). 

The ~ a u s t i c  permanganate tests were performed a t  room temperature 
or '7'1°F (250~1,  1 2 2 0 ~  (50°c), 1 1 6 7 ° ~  ('75O~), and 203O~ (95OC). The last 
three temperatures were maintained within + $OF by placing the autoclaves 
in a constant temperature oven. At seven, dgy intervals the autoclaves were , 

removed from the oven and room temperature storage area. They were 
opened and the samples removed, washed in water and acetone, weighed on 
an analytical balance and reinserted into the autoclaves. The solutions were 
analyzed for caustic and per manganate and the concentr? ions adjusted if 
neceesary. This procedure was repeated for the duration of the test. The ' 

same procedure was employed for the citrate combination solution a t  temper- 
atures of 7 7 O ~  and 203OF. 

.7.3.2 Metal Coupons 

The weight losses for Type 304 stainless steel (annealed and sensitized) 
and carbon st'eel ( h S I  C1010) in caustic permanganate a re  tabulated in 
pend4  able-D-3-5 and a r e  shown in Fig. 33, Fig. 34, and Fig. 35 re-  
spectively. The w,eikht loss is given as a function of time (days) at various 
temperatures. Thesb curves were used to determine the effect of tempera- 
ture on the corrosions rate of stainless steel in caustic p,ermanganate. The 

.curves in Fig. 36 were plotted in terms of the Arrhenius equation: 

hgs= - E;/RT + Const. 
where 

k = Corrosion rate  
Ea = Activation energy 

-R = Gas constant I 

T = Absolute temperature 



: I  . 

The curve indicates an increased corrosionrate at:higher~.femperatu.~es. . 
. Betwe.en ,'~$oc and .95O~ 'a  rapid' increase in .corr,osion :rate. is dbserved. This 
; ma3 b e  .due.to the'liberation of oxygen a s a  consequence of t'he'.r eaction be- ,. 

. . tween caustic :and permanganate (Section 6.6 - equation. (]i) ). ; The liberated 
.oxygen is obably increasing-the .corrosion..~ate. by depolarizing the metal $f ; , - .  , . . . .  .. - surface. . .  

. . .  . . - 
.. : ~ h o t o ' m i c f o ~ r a ~ h s  of the Type  304 stainless ste,el and AISI Cl 010. carbon 

. steel  show no evidenceof any harmful metallurgicaleffects , . .  :(Fig. 37and Fig. 
'38j.' . ' . 

The weight loss results for Type 304 stainless steel (annealed and sen- 
sitized) and carbon steel (AISI C1010) in citrate combination rinse at 7T°F 
a r e  shown in Fig. 39. 1't was not possible to obtain data at 2 ~ ~ ~ ~ ; ~ b e c a u s e ~ d f  
decomposition of the solution when exposed to the atmosphere a t  this tem- 
perature for long periods of time. This effect did not occur at anytime dur- 
ing the Poop and dynamic corrosion tests. Photomicrographs revealed no 
harmful' metallurgical effects at !77op (Fig. 40). 



7 14 2 1 28 35 42 49 56 63  

DAYS 

Fig. 33 Static Autoclave Weight Loss Results for Annealed Type 304 
Stainless Steel in Caustic Permanganate 









14 

DAYS 

Fig. 35 Static ~ u t o c l a v e  Weight Loss Results for Carbon Steel in 
Caustic Permanganate 





Fig. 36 Effect of Temperature on Weight Loss Results for Type 304 
Stainless Steel in Caustic Permanganate 
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500 X Oxalic Acid Etch 
Annealed Sample Exposed for 28 Days at 203O~ 

500 X O d i c  Acid Etch 
Sensitized Sample Exposed for 28 Days at 2 0 3 ~ ~  

Fig. 37 - Photomicrographs of Type 304 Stainless Steel Coupons Exposed to 
the Caustic Permanganate Solution 
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500 X 2,Nital Etch 
Sample Untreated 

500 X 2wltal Etch 
Sample Ekposed for 28 Days at 203OF 

Fig. 38 - Photomicrograph of Carbon Steel Coupon Exposed to the Caustic 
Permanganate Solution 
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3 6 9 I2 15 18 21 24 27 30 

DAYS 

Fig. 39 Static Autoclave Weight Loss Results for Type 304 Stainless 
Steel and Carbon Steel in Citrate Combination Solution Rinse 





500 X Oxalic Acid Etch 
Annealed Sample Exposed for 28 Days at 7 7 ' ~  

500 X Oxalic Acid Etch 
Sensitized Sample Exposed for 28 Days at 7 7 O ~  

Fig. 40 - Photomicrographs of Type 304 Stainless Steel Coupons Exposed 
to the Citrate Combination Solution Rinse 





7.3.3 "U" Bend and Weld Samples 

A metallurgical examination of the weld specimens exposed to the 
caustic permanganate revealed evidence of possible crevice corrosion in 
the root area. This was observed in samples exposed for eight weeks a t  
7 7 0 ~  and122OF, but was not observed in samples exposed for four weeks 
at 203OF (Rig. 41). 

No evidence of crevice corrosion was found in the root area of the 
samples exposed to the rinse solution for four weeks at ??OF. During a 
decontamination treatment, the root area of the weld will not be exposed 
to the solutions. There was no evidence of any harmful metallurgical 
effects on any of the sensitized and weld metal areas of the weld specimens 
or the bend areas of the "U1' bend specimens. 



100 X Oxalic Acid EXch 
Specimen Untreated 

00 X Oxalic id Etch 
beeimen ~xposed 2&ys at 
203OF (Note Absence of Penetra- 
tion into Weld Metal) 

Fig. 41 - Photomicrographs of Weld Root Area on Specimens Exposed 
to Caustic Permanganate Solution 
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PART ITI.REOMbtENDEP CHEMICAL :DECONTAMINATION 
SOLUTION-MD API?LICA!CION , , ,  

8.0 DISCUSSION OF .RESULTS 

permanganate solution followed by a citrate combination solution rinse was 
chosen as a decontamination treatmpnt for a stainless steel steam generator. 

A fill-flush decontamination method is most applicable with the caustic . 
permanganate-citrate combination rinse treatment. Results indicate, that 

and easier b perform. , !, 

~esidence . Flow 

10% sodium qdr€il&Ie .. 
5 % . P o t a s e i ~ : ~ -  

gana,te 

2 DeminerahedWater ' 5-10 6 

Pemineralized Water 



A typical loop test with the recommended decontai&mtion treatment 
ia shown in Flg. 42. The activity ~ro2Ue of the teat is shown as a function 
of m e .  There i~ an initial &op in activity during the' caustic perlnanganate 
treatmen0 CPS~* 1 through 4. %p be shown in Section 8.1.2, this is 
prob@ly due to the removal of Mn from the activated corrosion product 
s d e .  There is a rapid decreolge in activity with the addition of the citrate 
combhkion sobtion to the loop IWints 8 to 9). During .the heat up and 
CIPC&~~OH pePiod of the rinse, the effect of the citric acid is probably pre- 
domg@aat(Point 9 to 180°F). Beyond this temperature, the effect of the 
ammoni~pm citrate is predommant. There is only a small decrease of ac- 
tivdtv dtnsltla tire latter paart 6f the 30 mihute residence Deriod, Radiocliem- 
i c ~ - a n a l y ~ ~ s  in@ate thP almost all of the activity in b e  rinse 1. due to 

$1 (?O 8, CO O, Fe and Cr 

Durimgthe U-PR-1 ~uvembei. 1958- shutdownpa seqtion ms remhed 
f r m  thd steam generator inlet and &let dividing plate. Tbih, section 
is probably the most represenative sample that clzn be obtained' of the 
type of s c a l e ' b t  may be enc~untered in &e tubes bf the steam generator. 
It possessed a tight, black, lustrous, rad].oactive film 8-r to #at 
sbwn in Fig, 43 top left. k piece af this section was decontaminated 
wing the caustk per-te-citrate combhation treatwtgk. The pro- 
cd&e wed for the d e c o n t a a & n  was similar to that usad for. the - F -  - 
so rea im  .evaluatbon. The contaminated ~ i e c e  was ulacned'in a beaker Qi 
10 ere& aodium hydroxide and 5 perk& potassi& per-te at g' 2 l O  F for 30 minutes. Xt was then removed, washed with demhsmlized 
water, and allowed to dry in air for appraximately one hour. This was 
followed by the citrate r i ~ e  (5 pkrcent ammonium citmte, 2 percent 
citric acid, 1/2 percent Versene)at 2lO0F for 30 minutes.. At the comple- 
Uon ~f the secondary solution rinse, the sample was covered wi& a light 
brown film, . A short jet of deminermed water from a wa.sh bot41.e com- 
pletely removed this film and the sample appeared clean IF&. 43' top right). 
Became .of the ease with which the f in supped from the aample with the 
wash stream, it is beU6ved that a & layer of liquid was between the film 
sad W e  metal. There was virtually no agitation during the treatment to 
aid in removing the film. The activity of the sample w a ~  reduced from 
300 m/B$ to 2- 5 mr/hr as a result of the decontamination. A photQmicro- 
graph af the sample revealed no adverse metallurgical effects,(Fig. 43 
bottom). W e  an excellent D. F. was achieved, it must be remembered 
that this was a beraoh scale test under ideal conditiens. The Do F. may not 
be as high on a full scale test. However, for a nuclear facility9 higher 
temperatures and greater turbulence would be obtained which would aid in 
the decontamination. 



- 
la-is. 

Lmp fmed with cavsllc permplganate ~olotion; pressuriaed 
to 60 - 70 pa& aith nitr0peq commence hmtlq; pvmp on 
Plld set at 5 W S e c  Iloar. 

solution at temperahre (aas°F) 

completion of cnusuc permangarate treatment at temperaturs; 
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iaop drained; loop filled with deminerallEed water. 

Wntar r w e  at 5 n/Sec h. 

Lmp m e d  
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Fig. 42 Decontamination with the Caustic Permanganate-Citrate 
Combination Solution Treatment-Loop Test No. 46 
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A Section Before Decontamination A Section After Decontamination 

Fig. 43 - Photograph of Steam Generator Dividing Plate Section 
Before and After Decontamination with the Caustic Per- 
manganate-Citrate Combination Solution Treatment 





The remainder of the,origiwal s e c t i ~ n  removed from the steam genera- 
tor was cri6kto approximately twelve pieces. These were used in conjunc- 
tion with an .Activity Buildup "program (Task I), and were decontaminated by 
the same hethod described above. , The deconhmination solutions were 

54 <. 59 analyzed for ~ o ~ ~ ,  co60, Mn , Fe  and cr51. The results of the 
radiochernicaP analyses indicated that approximately 75 percent of the ~n~~ 
i~ removed during the caustic permanganate treatment and the remainder in 
the citrate combination rinse. The ~o~~ and cogQ were removed almost en- , 
tirely during the c iha te  rinse-(Table 9). Iron 59 and cr51 were not detected 

'> 

. . . . . , 

: C.*, Po ' . . Citrate.  . .Total . . : .ku&ide ,.id. 
.dg& x'.:105 dpm x.105 dpm x :105 . . ~ i t m t e  to. Total 

' . . 2 s 0 6  
9'. , ' : . 

4.8 
82. B 

- 20; 0 
so; 9 
42e 1 

,174, . 
. . 

30 7 . ' ;..'.lrb7.% , -  9'8.9 
3. :1 . . 188 I 191; 1". .98,4 

70 '76 .'O ' 

. . 
:6. 0 9 . 2 1 ,  ' ,  ' .  ' . 

. : . ~ 4  :" ,429. 0 - .  . .5.'0 . , , . 98.8. ... 

4b 4 . ;.I14 ... 118. 4 ' : 
',96*3 ' .  ' '  ' .  

..4. 2 3 60 3.64. 2 98.8 . ' . . 

97.0 average 
s .  . - 



in either.of the solutions. A chemical analysis for iron in both solutions 
indicated that most of the inactive @on was present in the caustic perman- 
ganate solution. Both Fe50.and cr51 have been identified in the deposits on 
metal coupons exposed in the APPR-1 primary<purification blowdown system. 
Chemical decontamination of these coupons indicates that the major p u t  of 
the ~e~~ (approximately 60 percent) and- (approximdtely 85 percent) is 
removed by the caustic permanganate solutign, The failure to detect these 
nuclides in the.deposits removed from the dividing plate is not clear at  this 
time since both FeS9 and cr51 were detected in wipe samples. 

With the exception of one sample, the decontamiktion factors result- 
ing ,from the ,decontamination treatment were al l  greater than 70. One 
sample had zero activity at the completion of the treatment. The initial 
and final activity a s  well as the DFs obtained a r e  tabulated in Table 10. 

TABLE 10 Decontamination Results of Steam Generator -Dividing Plate 
Using the Caustic Permanganate-Citrate Combination Solution 
Treatment 

Net Initial Activity Net Final Activity Decontamination 
Counts P e r  Minute (Gamma) Counts Per  Minute (Gamma) Factor (Gamma) 

The .differences in. jnitial activity of the samples a r e  due: to 'differencks 
in..tkizs; and . Iodatidri. ;. ' The surface of the sedion exposed to p,fimar-y ' 
coolant on .the iniet s ideof  the:steam.generator :was higher i n  activity. . 

: ~than.~h~a~~expos~.to.p~i~ma-~y.:coofant~on~..#e~obtlet.side~,- . . 

. . 

- .h all ,b.mttwo cases3he final .activity was below 20.0 cpm. . Th.e in- 
f e r  ence i& drawn that. there .ie proba.bly .no selective removal, of any one 
wuclide..fos the  :entire treatment because .of the very low final activities. . . 



. . 

8.2 ~econtarn ina t i~h  ~ r e a t m e n t  withihe. Turco .''450:11' 1 ~ r o c e ~ s  ' . , 
. . .. . ,  

; '  
. . 

A commercia.~..decohtamhaf iih ~Qrod~ct ;  manufactured. by*~urco..Prod-' ,, 

ucts, .he. .,:,.~;.~as,:a380 -iiya3uated. , ~hisdec,onta,m'ihation. treat-ment. &il$ed , . . 

the < ~ e ~ & - ~ ! a 5 0 1 ~ ~ . :  P~~~~~~ in&lves the ,use of thkee , The st . . 

solution, isy:.a . c o ~ ~ i ~ & ~ ~ ~ ; i s a f g n t i o r n  to p,rep&r'e the corrosion prodrid scale 
f o r  ,the .$ubseq~en(,$featment~:~PPh caystjc , permangaipte' . . . .  . ahdhitric'acid: 

. .  . . . .  ... . . 
. .  . .. . , . 

' A thorough diedbssion o f  the. f-atmenttogether with results of. i t s  ap-. 
plication in the field of. decontamination .can be .found in .Volum'e.:I of. th:s 

(1,.0j . . repod. . Briefly, it is a three..step process  involving ,@e.following: 
. . .  . . 

1. 45 minute.tr,eatment. ( c o n d j t i o h  cycle) with Turco 4501, . . 
. . sol.aaQion at. 2'75QF. , . .  . . 

. I .  

: 2. . ~ i g h  kater  -rim4 . 

3. 45 minute treatment with Turco 4582 solution at  215 to 220°F 
(3.8 lbs/gaP). 

I . . . . .  , . 4.; ~ i ~ h  pressure water rimy 
I ,  . 

5.;- . .QO :.minute treatment with. 25.percent nitric acid. a t  room - . 

, .. . temp. .. (750 to .9OOF). 
- .  

I ' 

6. High pressure water rinseo . ? 

. . A concentration of 2 lbs/gal was used in the Poop decontamination 
.. . and c~r.rssican.. testi  .It was not possible. to obtain complete ..solution .with 

the .rekommended concentration..~3,8 Bb$/&aP)1 at  room temperature. Three 
loop tests were+ performed ,using 'the Turco "45011 Process;  two were. per- . . . 
f o r m e d ~ i t h ,  contaminated sections of tubing :for decontamination evalua- 
tion and one test' was 'performed'with metal. test coupons for corrosion . 

: evaiuatim. . . The activity profiles f o r  the two decontamination tests are,:  
' .  a 

.-  shown in Fig. 44. . One .testwas performedat 3 ft/sec 'and the other t e s t  ' . 

: at 8: ft/aec. . . .! . . . .. . . . . . . . . . 

An hit idl  drop in activity was noted during the Turco 4501 treatment 
, (Bohts 1-to 4). . A further reduction in activity was observed during the 
,addition of the Turco 4502 solution (Points '7 to 8). The major -part of 
the activity was removed during the nitric acid treatment-,(Points 15 to 16). 





I TEST NO. 37 1 I I I 

2 3 4 

TIME ( HOURS) 

Loop filled with Turco 4501 solution; pressurized to 1 0 - 8 6 ~ s i g  
with nitrogen; commenced heating. 

Pump on and se t  a t  designated flow rate (3 ft/sec for test no. 36 
and 8 ft/sec for test no. 37). 

Solution a t  temperature (275OF). 

Completion of Turco 4501 treatment at  temperature; commenced 
cooling. 

Loop drained; loop filled with demineralized water. 

Water rinse at  designated flow rate. 

Loop drained; loop filled with Turco 4502 solution; pressurized to 
60-70 psig with nitrogen; commenced heating. 

Pump on and se t  at  designated flow rate. 

Solution at  temperature (220'~). 

11. Completion of Turco 4502 treatment a t  temperature; commenced 
cooling. 

12-13. Loop drained; loop filled with demineralized water. 

13-14. Water r inse at  designated flow rate; loop drained. 

14-15. Loop filled with 25 percent nitric acid; pressurized to 60-70 psig 
with nitrogen. 

15. Pump on and se t  at  designated flow rate;  temperature maintained 
at  1 0 0 ° ~ .  

16. Completion of nitric acid rinse. 

16-17. Loop drained. 

17-18. Loop filled with demineralized water. 

18-19. Water r inse at  designated floH;' rate; loop drained. 

. . Fig. 44 - Decontamination with Turco "4501" Process-Loop Test No. 36 and 37 





. , .' , .  . . b. 8; 3 Comparison of: the:C@'stic. ~ermahganate-~itkate~ombhation 
. .T.Peatm&nt and the, Turco ~4501;" ~ r 0 c e s . s  ' . .  . . 

. . . . . . . I 
. . : . .  . , .  .! 

. . 
. . The resu1ts':of loop tests involvini the evaluation o f  the caustic perman- 

gawte-cit~ate'combinatio:m'treafmein~'and the ~ b i k o  . 1  '1450,11? I t  P rocess  are', ' 

, : giveni bP0iv.: . . . ! .  . . I . . 

. . . . . . . . 
. . . 4 

, .. :. ,Caustic Bermangamte- i 
. -. . . 

. . . . CitrateCombination Trea t -  . ! . ~ u r c o  11450:1', , 
. . .Pro@esq . . menti . , 

, > 

, :DBCONT~M~ATIONRESULTS I .  . . 
. ' 8  . . . . 

Loop Test. N0; ,, 46, , . . 3 6 .  . . 3 ' 4 . .  
~ i o w  ~blpc i ty  (ft/sec)'. ' 5  , .  3: 8 .  
Net l[lait'iak:~&i~it~ .44,260 29,3,T0, , 34,2i0 . . 

(gamma cpm-) 
. , 

: Net Final. Activity 5,250 .r0,200 12, 550 - , .(ga.mn;a .cpm) , . 
. . 

.:' :Do Eo . . 8, 4 ,,. , '  : - .  
. . !' 20 9 :::: B;?F-, 207 . 

. .  . a. I > , i .  
13,9 .- 17 .1 ,  

! 

Loop Test No. 
Flow Velocity (ft/$ec) 
Weight Loss (mgs/dm2) 
Type 304 Stainless Steel 

Annealed 

. .. : - , .  . . . .  

The resuits of. the decontamiiaiion loop tests  indicit i  t h ~ ~ t h e c a u s t i e  . , 
, , 

'ermangayte-citrate combination treatment w a s  more effective in r e -  
'anovhik ,the activated corrosion .prsdu&t scale. The weight' his results 
o n  Type- 304 btajnless steel. (annealed) 'were :approximate$ the: kame :for . . 

. both-treatments;  The weight loss r e s G 1 t s . f ~ .  the sensitizedmilterial 
. . . . .  . , 



were higher in the case of the caustic permangamte-citrate combination 
.treatment. This would be expected because the citrat e combination sol- 
u.ti0.n ,has a .more col"rogive. effect on Type 304.-stainless steel..than ..25 per- 
cent nitric :acidb 

. .  . 
, . .  

A t  the compietiod of.. the Turco ~''4501'' ~Gocess ,  ,an .excessive :.a,mo,mt; . , . 
, 

of! mangan6s.e dioxide Was found in the loop. This may, have been due  t o  
. . 

insufficient-water flushing ,after -the .450l .treatment. .It.'was- necessary to .' .. .. 

renove this .material. before additional loop studies could be .performedd , . . . . 
. . . . , , .. , . 

A. 5 percent solution of: ogalic acid, circulated at$600F, was used10 in- 
sar e cs'mplete removal 'of. maia'ganese -dioxide. . This operat~o,n .was per- 
formed'&fter :all test  specimenk had be,en removed . . from the l o o p  1 1  sample 

. . section. . :  . . 
I .  ' 

, . 
. . . .  . , .. 

. . . . 



' 8.4 simulated APPR-1 .Loop 'Test Results 
4 . .  . . . . .  . . ' I !  ' .  . 

. ' . The :decontamination of a nuclear facility would 'require a longer 80lu- 
. , 

,.' tion.,exposure.time than that used in loop studies, i .  e. ,: time.:f.or filling, 
h.eating; c~oliwg,, and'drainjng -would be longer. Two loop tests were per- 
f o ~ m e h  *.'determine the effect of bnger  .exposure time on decontamination, - -  

-and corrosion. The APPR-1 steam generator .was' used a s  a reference :de- 
sign f o r  this evaluation The ichemical' decontamination treatment was 
identical.to that given in   able 8. The .exposure times for the various'solu- . 

,tions a r e  given below: . 

A. Caustic Sermanganate Step 
. . . . . . 

. . .  .- Operation. : i . . . ' . Time .Required (Hou.rs) 
. . . . .  

1 Fill1 glystem . . . . . . . .  .. . . . . . . . . .  .: -.. ,... .: . .  ? 2,00 . . . . 
. . 

2 . .  commence circulation (5'. fps) : , ' . . ._.__ 

:lieat, Bysf eni .. ::-. (85°F/hi). ..................... 4 0  ; .- 
. . . . .  t ; . .  - , 

' 3 .  Residence time%at te.mpeiature (225%). ' a  1 a O '  '0 00 50 
.. :j. ;.' I. . . . . . .  . 1 , .  
. . . . . . . . . .  

'1 

* . .  . . . . .. 4. ~o&i.&yste .m , . below bdiling of solution &. : i 1.00 
. . .  8 .  . . . . . . .  . . 

. . . . ., . .  . . . ,  - . . . . . .  . ................... . . .  5. ' ~ r a h . . a y & t e m  - 6 .  ,. : .0. 50 

. , 

'B. Water ~ i n i e  Step' 
! . . 

.I5 'Repeat.Al. p , O . . ~  O , O . O .  ....................... O . O , O .  2.00 . . 
. . , . . . . . . . . . :  

2; circulate at: 5.fps. . ; . . . O . O . .  ... . .  ; ......... ,.. . .  .0. 08 . .. . . . , , . . 
7 .  

3. . Drain system ................... i ................ .'0. 50 
. . 

I \ 

. . Total 2,. 58 

Total ,." 
." 

Repeat Steps A 1-5 except solution 
is heaged to 2 2 0 ~ ~  . . . . . . . . . . . .O. . . . . . . . . . .  6.00 

Total . 6.00 
131 

\ 



E. Water .Rinse Step 

. . . . 

Repeat 'Steps, B' 113 . . . .  

Except 'iirad&te:for 15 minutes ... i .  . : ........... . o  . . .  2.75 

. . .  
. . ?  .... .. . ... F. Repeat. E 4.times. ,., , ................... .,.. ; 11. 00 

. . 

. . Grand Total Decontamination Time. 30.33 hours 

The filling operation could not be extended over the two hour period; 
therefore the loop was filled within a few minutes and allowed to remain 
idle for  the duration of the filling period. To simulate draining,the loop 
was allowed to remain idle for approximate~y 30 minutes at which time 
the loop was drained. 

8.4.1 Decontamination Evaluation - Tubing 

The activity versus time curve for the simulated APPR-1 decontamina- 
tion loop test with a qontaminated section of Type 304 stainless steel tub- 
jng is shown in Figure 45. Prior to evaluation, the tubing was scrubbed to 
remove lo~se ' ac t iv i t~ .  It was then decontaminated in the loop as outlined 
in the previous section, The results of the evaluatfon a r e  given in Table 11. 

TABLE 11 Results of Simulated. APPR-1 Decontamination 
Evaluation(Test No. 47) 

. ,i 

. , ~ n i t i a i  Activity (Before Scrubbing) - . 4 0  mr/hr. 

Initial. Activity (After Scrubbing) 

Initial D. F. 

~ e t  Initial Activity before Decon- 
tamination . .54, . 237 . cpm :(4 .mr/hr) , , 

:Net F h a l  Activity 6,149cpm . . 

Final D. F. 

Total D. F. 88 . , . . . . . . .  . 
. . 
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Fig. 45 Simulated APPR-1 Decontamination on Type 304 Stainless 

1 , 
Steel Tubing-Loop Test No. 47 I 

; 2 8 5  101 

lo3 

5 ,  
4 .  
3 

2 

18 

permanganate solution; pres- 

0 8 

I 

surized to 60-70 psig with nitrogen 
2-3 Loop idle to simulate filling 
2-3 Pump on and se t  at  5 Ft/Sec flow; commence heating 

at 8 5OF/hr 
4 At temperature (225OF) 
4-5 Circulate at  temperature 
5-6 Cooling loop below boiling point 
6-7 Loop idle to simulate draining 
7 Loop drained; loop filled with demineralized water 
7-8 Loop idle to simulate filling 
8 Pump on and set  at  5 Ft/Sec flow; circulate for 10 

minutes 
8-9 Loop idle to simulate draining 

I 1  

9 Loop drained 
9-10 Aerationperiod 
10-11 Loop filled with citrate combination solution; pres- 

surized to 60-70 psig with nitrogen 
11-14 Loop idle to simulate filling 
14-15 Pump on and se t  at  5 Ft/Sec flow; commence heating 

at 8 5OF/hr i 
15 At temperature (220°F) 
15-16 Circulate at  temperature 
16-17 Cooling loop below boiling point 
17-18 Loop idle to simulate draining 
18 Loop drained 

\ 
I 
I 

19-23 Five water flushes 1 
I 

i 1 

2 4 6 8 10 12 14 16 18 20 2% 24 





. . . 3 

i .  
. The exposure .time,:$~~.khe.:final: water. mughe? did not. include a bimulat- 

. ed :2 ,hour,filland 0.~5. hourdrain;time; It iad'felt '  that thiswou:ld. have little. 
. . .. eff ed- onithe final-decohtamination -fattori , Figj '46 showb the relationship 

. between the numbei :of wa te r  rinses and purity level ' ( p ~  and resistivity). . . 

' Five . , . .  wa$ert inses  appear -sufficient to-,$rihg , a e  resistivity and pHto a' 
:..co.nktant~le~el. . ~ e t a l l u r g i c a l  .. , ewminatton of t h e  : w i n g  :revealed no pitting, 
inter i ia iuiai  . . corrosi~.n,  or.:other harmful. eff ects (Fig..4rl). f . . ,  . .  

. . . . ,  .. .... . . .  . . . 
.,... . ' . .  i .  . j l  . :, 

. . 
. . .The:finaf D.F. for..the.simulated run  i s  in close agreement wiih a pr* . 

' Vibus run performed t o  determine S t h e  loose activity would be .removed by. 
. . 

t h e  ,Se,(oiqmendedtre@tment. : Theiresult of that run ,where the tubing was  
, I 

, , 
, , , not scrubbed prior t o  decontaminatioc is given below: 

. . .Net Initial Activity 474,000. cpm 
. , 

. . 
. Net 'Firhal. Activity 5,629 cpin' . 

Total. D. F; . . 84 
. , 





NUMBER OF RINSES 

Fig. 46 Var.iation of Resis t ivi ty  and pH with Number of Water  Rinses-  
Loop T e s t  No. 47 
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500 X Oxalic Acid Etch 
Sample Exposed to Decontamination Treatment 

Fig. 47 - Photomicrograph of Type 304 Stainless Steel Tubing Simulated APPR-1 
Decontamination-Loop Test No. 47 
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8.4.2 - corrosion ~ v a l u a ~ i o n  . . . -  ~ k t a i  Coupons . . 
... . - . .  : ;. . .  . . . . . .  . . . . . . . .. , 4 . '  

. ' ~ h k s e c o n d r ~ n  was pe~formed'$~th 3:-142 x 1/2 x.:l/l6-inch m6tal 
.: coupoqs.:of -thefollowingi :materials: T h e  304 stainless steel -(annealed 
. and sen&ized)) ~abCockfand Wi.lcox .:Croloy 16-1, Inconel; and AISI 

. ~ 1 0 1 0  -carbon steel, The coupons were exposed f0r.a. total contact time 
of: approximately 2.8 hours. This included the proposed t imefor  'the , . 

:firm%' water .-rinse step; The .history of the. loop test is shown .in Fig.. 48 . ' 

and .the total weight . . lo is  -result? .are tabulated in .Table 12. ' 

' X  . ' 

. TABLE: 12 Comparison of deight  Loss Results for. 
.Loop ,Test No. 48 

Material ,.Previous Average weight penetration 
History , . . L o s s ' ~ g t i / , d m ~  . . (mils) 

. . , ( ~ & l )  
, .  4 . -  

, Type .304 .SS Expos.ed in 
. . 160 2 0.008 (~nneaged) . . Reactor - . . . 

1 %  
Type.:304 SS Exposed'in 

. :(Sensitized) .Reactor 35.6, 0. 017 
. , 

. I 

Type 304 SS 
.. . , . . ' ( h e a l e d )  New , , .  4 , l  0.002 

Type 304 SS. 
,(Sensitized) New 50.8 0.025 

A ~ I : . . c & o ~ o  . I :  . , 

Carbon, :&eel .. . New 3 643. (one coupon)" 0..182 
., ' 

'.. ~ r o l o y " l 6 - 1  ' New 58.6. 0,. 029 
! 

~ncohel . New 3.5 (one coupon) 0.002 

The weight 109's results for  the ~ontam~inated Type 304 stainless steel 
(sensitized)' were about twice :as high as  the annealed weight loss results. 
The ratio for new samples is substantially higher and may indicate that 
the sensitized weiiht loss result (50.8 mgs/dm2) is in,error. The ratio 
between the Babcock and Wilcox Croloy 16-1 and'the Type 304 stainless 
steel (annealed) is approximately the same,as that found in decontamination 
loop tests using citric acid and ammonium citrate as a eecondary solution 
rinse. One Inconel coupon resulted in a weight loss of 3.5 mgs/dm2, about 

I the same ag-observed for Type 304 stainless steel (annealed). 



Five water flushes were sufficient to restore the loop to constant pH. I 

The resistivity was still increa$ing after five water flushes (Fig. 49), 
. , . . .  

' .  ~ h o t ~ & i c r o g , r a ~ h s  of the contaminated Type 304 stainless. steel coupons 
(anne,ale'd and sensitized) reyealed no 'evidence of cracking, localized at- 
tacks or intergranular. corrosion (Fig. 501,. . , . , .  

. . . , I 

. , . . I 

, . 



Fig. 48 . Simulated APPR-1 Decontamination-L.oop Test No. 48 (Metal 
Coupons) I 
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I 

1 Loop filled with caustic permanganate solution; pres- 
surized to 60-70 psig with nitrogen 

1-2 Loop idle to simulate filling 
2-3 Pump on and set  at 5 Ft/Sec flow; commence heating 

at 85'F/hr 
3 At temperature (225OF) 
3-4 Circulate at temperature 
4- 5 Cooling loop below boiling point 
5-6 Loop idle to simulate draining 
6 Loop drained; filled with demineralized water 
6-7 Loop idle to simulate filling 
7-8 Pump on and set  at 5 Ft/Sec flow; circulate for 10 

minutes 
8-9 Loop idle to simulate draining 

9 Loop drained 
9- 10 Aeration period , 
10 Loop filled with citrate combination solution; pres- 

surized to 60-70 psig with nitrogen I 

10-11 Loop idle to simulate filling 
11-1 2 Pump on and se t  at  5 Ft/Sec flow; commence heating 

at 85'F/hr I 
12 At temperature (220'~) 
12-1 3 Circulate at  temperature i 

13-14 Cooling loop below boiling point; loop idle to simulate 
draining 

15 Loop drained 
t 

I 

15-26 Five fifteen minute water flushes with simulated fill 
and drain times 1 

! 
2 4 6 8 10 12 14 16 18 20 22 24 i 26 28 30 32 
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NUMBER OF RINSES 

Fig. 49 Variation of Resistivity and pH with Number of Water Rinses- 
Loop Test No. 48 





Oxalic Acid Etch weare&: 
.2. .. . ,  . > ~  

Fig. 50 - Photomicrograph of Type 304 Stainless Steel-Simulated APPR-1 
Decontamination Loop Test. No. 48 
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8.5 Post Decontamination Effects . 
r 

'Chemical decontamination 'is of little value if corrosion rates and 
activity pickup a r e  increqqed as a result of the decontamination treat; 
ment. Consequently, it was of particular interest to determine the re-  
lative corrssion rate and activity pickup. ow metal ~ u r ~ f a c e s  that had been 
exposed to the caustic permaraganate-citrate solutions. I 

A number of metal specimens (3 1/2 x 1/2 x 11/16'-inch) wbreplaced:in the 
APPR-1 purification blowdown line. These specimen8 included Type 304 
stainless steel (annealed and sensitized), Babcock and Wilcox stainless 
steel Croloyr16-Pi and AISI ClOlO carbon steel, The specimens were 
placed in three categories, viz. 

: '(a). New specimens . . 

: (b) New.specimens iu3e.d in loop corrosion .studies. with caystic 
' per&aw,anate-citrate. solution$, 

. - ... 

(c) Ney specimens exposed to the APPR-1 primary coolant and 
decontaminated in loop studies with caustic per manganat e- 
citrate solutions (Type 304 stainless steel), 

The new specimens were used to establish the weight loss and activity 
pickup of undecontamikted surfaces, and as a basis for comparison with 
decontaminated specimens. 

.,' 

The weight loss was based on the difference, expressed as mgs/dm2, 
between the initial unexposed weight and the lweight obtained after removal 
from the APPR-1 purification line. This is referred to a s  "exposed 
weight loss1', Prior to weighing, exposed samples were vigorously scrubb- 
ed with soap and water to remove all lokse particulate matter. The beta 
and gamma dose rates emanating from these specimens were determined 
by means of a calibrated Technical Asscciates J u o  Model 3 Meter. The 
sensitive chamber of the instrument was placed in the same position for 
the  measurement^, i. e. approximately one inch from the specimen. The 
weight Boss and activity pickup results a r e  given in Tables 13, ~14.-and. 15. 

The curvci in Fig. 51 was determined from :'exposed weight loss" re- 
sults on new Type 304 stainless @eel coupons exposed for various periods 
of time in the APPR-1 purification system. A comparison of the weight 
loss respalts was made with five coupons which hdfl previously been exposed 
in the-ABPR-1 purification blowdown line, decontainimted by the caustic 
permawganate-rinse treatment, and re-exposed in the same manner for 
am additional $61 hours. It was desired to determine whether a decontamina- 

-,ated surface exhibited the corroiion and activity buildup characteristics of 
a new o r  previously corroded surface. This comparison was per ormed 
using Student's T Distribution and two hypotheses were tested:( 1 f 
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A. The subsequent weight loss on a decontaminated sample 
(preyisus~y contaminated), re -  exposed to reactor coolant 

. is the d a h e  as a new hnexposed surface. 
\ 

B. The subsequent weight loss on a decontaminated sample 
(previously contaminated), re-exposed to reactor coolant 
is the same as if the coupon had not~been decontaminated. 

Test of Hypothesis A 

Decontaniinat ed '~&m'p~e..'(d'? New sample (n) 
(461 h ~ p u s ~ ) ~ '  ., .. (461 hours) 

*(mean value) 1.0 mgs/dm2 2,6 
S (variance) , 0 2 2  0. 71 

2 N (80. of samtiqs 5 

(Estimate of ' ,  
miverse varianc e) 

7 
= / Nd + Nn -2 

l ( ' I  I 

At the 95 percent lev& df Confidence, for both tails of the t distribu- 
tion and 5 degrees of freedom, t = 2.571 as compared to t t '3.85 from 
hypothesis A. Since the value of,t for  hypothesis A is greater than that 
which could be expected from random fluctuations, the difference is 
significant and hypothesis A 19 rejected, 



2.. . Test: of Hypothesis::B ! . : . > ,  . . . . . . .  
. . . .  , . 

. : .  . . . . :  . . . .- bec&ta&in&ed Sampled) , ; ' . New ~ain$le(c) ' 
(it323 +'461.houks-1825 hours.) , .  . ' , , (.1825.:+461-1825 . . hours) 

. . 
. . .  . 1,. 6 mgijdm2 , .. : .  

: 0.3 mgs/dm2 (Fig, 51) . . ,  . . .  . . ;. . .  0.2.2. . .  8. ,. , . . . . :  . . 
- . . .  . . . . .  \ .  -, 

, N .'5 1 .  - 
. . .  

'! , The incremental value of 0. 3.ings/dm2 is.assumed to be a universe 
. .value for:this caleuhtiow. , ,. . 

At the 95 percent level'of confidence, for both tails of the t distribu- 
tion and 4 degrees of freedom, t = 2.78 as compared to t=6.4 from hypsth- 
esis Be The diffefence is significant and hypothesis B is rejected.' There- 
fore, the Fype 304 stainless steel (annealed) decontaminated samples re-  
exposed tq the reactor coqlant did not behave a s  new samples, nor did they 
behave a s  '&amples which did not receive the decontamination treatment. The 
decontamination treatment resulted in subsequent corrosion less than that 
which could be expected from a virgin surface and more. than that which could 

b e expected from a precorroded surface. However, apart from statistical 
csmsideratisns, the average weight loss results for the decmtaminated sam- 
ples appear to be more representative of a sample shown by the dotted line 
in Fig. $1. h summation, the decontamination treatment' would be expected \ 
to result in a surface which exhibits more of the corrosion rate character- 
istics of a previously corroded surface than that of a new surface. 

The etatistica8 evaluation of the weight loss results was not repeated for 
the sensitized metal. because of insufficient data, , However, on the basis of 
available data, the weight loss fiesults for the decontaminated samples in- 
dicate the same conclusion ad1 n0ted in the case of the annealed metal. 

Figure 52 is presented to show the relationship between beta activity 
pickup'on new Type 304 ,stainless steel (annealed) and l1 exposed weight loss". 
The linearity s f  the relationship is apparent, The lower weight Boss result 
at 1825 hours exposure is brobably due to the reduction of those factors 
which tend to increase the corrosion rate in a nuclear reactor system, e, g. 
oxygen level. The relationship between beta .activity pickup and weight loss 
results for  Type 304 stainless steel and Babcock and Wilcox Croloy 16-1 \, 

\ 
after 1825 hours exposure to the reactor coohaat is shown in Fig. 53. 



While notlinear, the :curve:does .indicq&.jln incre.a,sed activity . ;. : 
.. . with ..in& easing weight loss. I t  wou.ld. be; .expected that t h e  subsequent 

. activity pickup o n  :decon~,m~na$edsamp$es would .be,-less thana  n e w  uri- 
c o ~ t a r n i n a t e d ~ ~ u r f a c ~ .  . This.  id.!trubisihce exposea weight loss,  onde-  ' 

, . contami&d samples was found to be l e s s  than. that: on'new samples. . It ' ' .  

r n i g h t p ~ q ~ e  feasible t o  preeorrode the  reactor.  surfaces prior . to reactd.~ 
. s ta i tupasa ' .means  of reducing.,the initial corrosion ratewith i t s  associat- 
-ed activity bui1d.u~. 



BLOWDOWN EXPOSURE HOURS 

Fig. 51 Comparison of Weight Loss Results on New and Decontaminated 
Type 304 Stainless Steel Exposed to APPR-1 Coolant 





WEIGHT LOSS M g ~ / ~ , 2  

Fig. 52 Relationship Between Beta Activity Pickup and Weight Loss for 
Annealed 'Type 304 Stainless Steel Exposed in the. APPR-1 
Purification System for Different Periods of Time 

HOURS 

HOURS 

EXPOSURE 

EXPOSURE 

HWFlS 

HOIJRS - 

1350-1380 

P 

-968 

1825 EXPCSURE 

4461 - 4 9 3  EXPOSURE 





WEIGHT LOSS M9sld,2 

Fig. 53 Relationship Between Beta Activity Pickup and Weight Loss for 
Stainless Steel Coupons Exposed in the APPR-1 Purification 
System for 1825 Hours 
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. : TABLE 13 Weight Loss  and Activity PickupResults for New Type 304 Stainless Steel ~ p e c $ m ~ ~ ~ ~ . & @ ~ & d '  
. . .  

. ' .to. APPR-1. -Primarv ' , C d o h t  . . . . . . . .  
: .  

. . . . . . 

... .. h e a l e d  ' .  :Sensitized 
Total . , Total ! Weight :Loss Activity ':.., , Weight Lass A c & i . ~ t y  

. .: Exposure E. F. Pe.,Ht~,, . . . ;i;-+&dm2 ..mi&,lhf' .on mgs/dm2 
. . . .  . mr kp/hr on- 

Hours ;, . . , . surface '! . . ! .' .;su.rfac,e I 
461 3'25 . A 1  ..I-93 - .. 11.6 ..TO4 . 

-493, : ,. . 390. . . .  : -  , ; .  . . . .  .. r , r 2.1 . , . . . .  357. _ . .  ... : , 7,; 8 . . . . .77.5 . . 
. . .  . . . : 

.- . - . .:- , i . . . . . . . . . . . .  . . i 
, , 

' I . .  . . . . .  ...L1x ' -2 .6  -27.5- ; -  9.7 . a39 - 
. . .  S . O9 71 :.... ... 

. . . _ :. 

, .  . . . .  . . 

UI * EFPH - equivalent full power hdLrs 
" not used in calculating averages ' 
N C.- no change 



I 
,, Q, . TABLE 14 weight loss a n d  Activity Pickup ~ e s u l t s :  f o r ~ e w  ~ a b & &  And'~ilcox; .croloY 16-1 
9 

. 3nd 3s: C.1010. Ca6b6n .Steel Specimens-.-Exposed .to AF@R-~ Primary C00laWB 
. . , -  . .. . 

: aa3 ". . . . 
.' 0 . . . '  ' -  ; --B "& W @~~$o.y; . l6- . l  

. . , . 
::AB~. . .~1010 Carbon Steel 

m .- Total ' 9 ~ ~ k l  . . , : : :>wet@+;!&&S ' l  , Activity. .. w=j@hi . s i $i , . ,::.ctivit$~ 
. . 

x.Expogure E. F, . p o : . ~ i ~ ' :  : :'rnge/dm2 . . .msep/.hs :on mgis/clm mrep/hr on 
-Hours . . surface ' . a d a c e ,  1.4 

* -EFPH - equivalent full power hours 
P indicates specimen passivated in 25 percent nitric acid for 60 minutes at,'160°F 



. .  . . . . . . . 
' 1  . 

TABLE'I .~  Weight &&' and Activity :Pickup Results .for . s ~ b ~ ' ~ y p e  304 Staid-ess-Steel Exposed for 1825 
HO.UFB, Decontaminated.'and Re- Expos'ed'.h .the-TAP-PR -1 .Purification :Blowdown .Line 

. . ... . . . . .  ... : _ -. . .  .. . .  . 
. .. : Annealed ' ... ,. semitized . . - T ~ ~ , I ; . :  .+.. ,. 2 ... .-. . . weight Loss . .Activity . W e i g h t I p s  

. . .  : Activity E .... F. P : . . - ~ *  mgs/dm2 - 01:--0; e.' . , -P.iclqup - . . . . mgsLdm. 
. . . . t ..- 

.P.*kup 
;(.. I, :: ';% 

.L . O 5 , 
t.J.. . . mrepLhrson . -  . . .  .. mr ep/hr on . - .  

' " . surface ' . surface , . . 
. . .  . I 

. . . . 

.325 ... 1. 0 . :.131, . ... . 2 . 9 . .  . . 302 
.. . 

- ... . * :G.FPH - equivalent full' .power. hour 
'3 - **- not used in calculating average. 

... N.C. no change 
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Fig. A-1 Density of Various Decontamination Solutions' 
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Fig. A-2 .. Viscosity of Various. Decontamination . Solutions . 
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., ' 

2 . ,  ". :  .:.JVeight Loss . ~ e s u &  (Mgs/drn ;:hr.), 0 b f a i n e d o r  Type 304 #ainl.e~s.:Steeb-Expo~-ed-.t~, C-tk .: 

Permqnganate. . . (22 5- 25.09~) -  ins e :Tr e a h e n t  in. L60p_~e~onfamination, Tests . ' . .. . . . . . 

. .i , . . . 

5% ~mkoniurn-&at  t i  . . 56:Citric. ~ & d -  112% Versene 2 Citr i C  Acid; Ammonium 
- I  . . . :~.c.itralte-~ersen'e- comb. 

'* - ,.Tempo:'~Flow.Rate:: Temp.;, Flow Rate . M 6 -5 .Temp.-, Flow Rate : 
. ~ a t e r i i  d m - h r  PF .. , P F  -. . . ; ( f p s )  d m - h r  OF . (fps) ' : 

. . . :. . . .  . 
. . 

Type 304 SS , 1 . 4  ,200 " 4 5  2 . 1  2 0 0  5 . .3.'8 . 2 .._ . 
' 5  . 

' . , Annealed - . - 1 4 - 209,. . .  ,;:5 :2.'0 200 , 15' ..j. , . . .  : 

114; ,200 : . .  5 . ; . ? . . .  . . . '2.-4 ,200: 5 .. . . . . .  . . .  , . . - 2 . . . >  ..!': . 2 
. . .  4.3a . : 200 :.5 :&a ,200.: 5 - . - . . . .  . .. . . . .  . 3.8a 

' 

. 2 0 0  ' 5 1 200' ' . 5  2 
: l i ' 4  200 5 -1.2 ,200 5 2 i , . 

2 
\ . .  

. a :.200 5 1 200 .5'... 

a 10%' Ammonium.:.~i~tr ate b 5(&~, i t r ic  Acid c 2q&> C it&. Acid 
aq ' i 0%. Ammonium,. C itr ate CI ,;.2%. Ammonium.~Citr ate '-\;,5% ;Ammonbum.. C itr a t  e 

4 C. ; 1 ( ~ ~ 1 0 5 ~ ~ e m p .  at, I?O!?F 1/2% Versene 
' , i129b Versene 



APPENDIX TABLE. B-2 

Weight Loss Results ( ~ ~ s / d m " h r )  Obtained for New--Babcock and'wilcox Croloy 1 6 4  and-AISI 
4.. CBOBQ Carbon1 Steel Exposed to Causti-c Permanganate (225-2509~)  - Rinse Treatment 

h3 In Loop Decontamination Tests 
0 --A- 

. . 
i = ~  5 ~ - . A m m o n i u ~ : .  ~ i t k t e  
(U . . - 5% C i t ~ i e  Acid. + 1/2%:~ersene  
Ur 

. . . . . . 

..q- Temp. -: Flow Rate ' , Temp. . . 
' . - .  

F l m  -Rate 
Mater jal: . ! dm' .  hr : . OF ' ' ' ( fps) .  .- . :. dm -.hr OF . . (fpd) 

17. o 200 5 2.4 200 5 
15 .9  200 5 2 . 6  -200 5 

Babcock and 19. 4aq 200 5 81 .0  200 ' 
'r 

5 
- Wilcox 20. 6av 200 5 1 3 . 4  200 .5  
' Croloy 16-1 10. 3 220 1 38.3 175 , 1 

: AISIC1010 480' 200 
Carbon'.: Steel . . 453  ' . :200 

181 . . .200 
334a ,200 . . , 

,382 200 
357 ,200 

. 390av ,200 - 
. . ,362 

. . 
,220 

- 
407 ; X ", 

. . 

a. .lo%, Ammonium,-Citrate 
. to%.. Ammpnium.. Citrate 

i:::'1CPB051' Temp. at .1'75S"~ 
, . 



- .  . . . .  . 2 :  . . -. ; :Weight LO&: Results (Mgs/dm . - h r )  Obtained f r om:..Va.r ious i M etalsl Exposed $o-. Mor-e Than One 
..:lFaustic. Permanganate'(2%5-250°F);--&: Rlnse.TPeatment in, Loop,'Deeontamina~ion .Tests 

/WE' SOLUTION 
. . . . 

.... . :... . : 5% b m o n i u m  ..,, ~ i . k a t e  . . . .  5% Citric Acid-+ 1/2%, . :  -c i t r ic  Acid-Ammonium..Citrate ,.+ . : . . . . .  . . . .  . , . . 
. . . .  . . . .  . : .  . , .  .Versene . . . : :. -Vers ewe: Comb inatjon . - .  

, . . -  .MA~ : .... :, ., Flow 'MJS . . . ..:. . plow : .Mgs . a. ..< Flow . . 
- .... dm . Temp. :No. .  ate dm2 Temp. . No. . ;Rate dm2 Temp. No. .::. Rate 

) Material -. - -hr .QF :. Cycles (.fps) -hr . OF ;,Cycles(fps) -hr . .OF .::Cycles ': (f$s) 

. . .  :Type..304:$S 1.: 3 200 .2 5 1..0 ,2,OQ- 3 . 5 2 
. '5 l i .6 2001:. 4 , . 5 2 . Annealed .2+, 9a ,200;. .2 3 - . . 

.2 .5a ,  .200, .2  5 - 0;.6 200 2 : 2 
0.9 aoo . .i . 5  i . 3  ,200.:. 4 ' 5  '0. 3 2 2 
1 ,  & . . ,$-jo : 2 5 1?0  ,200 5 5 2 .  .2 

. . : . . . . . . .  . _ . .  o . . & . ~ ~ ~ o ,  a .- . .i . 5  .o. 7 1'95. 2 - I 2 
1 . . . .  2 0,.f$ 200. 2 5 0.9 175, 2 . . . . . .  

0. 7as. 200 2 5 0..9 l'a5 2 .2 
1 3.3 220 5 '. . 0;-8 2 2 

. .Oo 8:. 220.. 6 1 0.9 2 2. 

Type 304:SS 11.8:- ' 200 3 5 2 . 5 '  200- 
':Sensitized . . . .  1.5 200 2 

. : . . 
. 5 .  ' 1 .7 '  ,200 

" l .e .1af200" 4 ' ' .5 8.4 200- 
I * .  . . . .  

. . .  . . li7aq 200' 2. 5 1.8 200 . . .  .. , 0.'5as 200: 2 . . 5 3P4 200. 

. . . .  . . 1 ; 5  220 6 1 .  1.8' 175 
8:. 0 220' 4 1 . 1.5 1 7 5 ,  

. . . 1.8 175' 

a 10% Ammonium. Citrate b ' ' 

,av 10% Ammonium:,Citrate -. . 
. . .  ..'f1CP105" 'Temp. a t  I ~ O Q F  

. i .  . . 
. . . . . . ... 

. . . . .  
, . . . 

. . 

.5%:'Citr ic Acid c 2% ~ i t r i i  Acid, 
.. 2% Ammonjum: Citsate - ' .5% 'Ammonium. C.itrate 
l/Bckbj Versene 

: 

1/2q&. Versene 



4 
.. . . . 

.., Weight Loss? ~ e ~ u l & . ( ~ ~ ~ / d ~ c h ~  j obtained fro$; V&r i&w,: Met&& Eqbsed: i0-:~odor Than O.ne 

w ?-:.Caustic P'ermanganate- C.225-2509~): -.-Rinse Tr  eatni6ri.f ifi. Loop.. Decsn tami~ ion .  Testa 
. .  . . . ' 2 ::,.: . , : , R I N s ; E , ; . , s ~ ~  ... JJ..TI~:'N . . .  . . . .::. .. 

546 . ~ m m o n i u . m ~ ~ i t r a t e  5% c i t r i c  Aci& + i/29br. , . !. , , : citric Acid- Ammonium, Citrate . .  . 

. . Versene. -.Versene.Combination . . . . . 
I: Flow ' M W  . . %$ .; Flow Mg ,.:. Flow . . .  . dm Temp. :Nd, *,.Rate dm Temi, . No-., '.:. Rate Temp. : No. .; Rate. 

;Mater iql -hr OF . C y c l & s  . (fps) '-hr O F  ,:@cids.(fps) -hp .OF , :Cycles (fps) _ .. - - .  

.; Babcock-: & 1 7 :  8 220 2 .5 16.3 200 4 . 5 . .2- a 1. 

.:: Wilcox 16.4 .220- ;2., 5 '17,'5- 200 4 5 1 
5 . i :: Croloy 16-1 12. 8aq 220 ' 2: 5 .  12.7 ,200 5.. 8.2 . . .2 ' 

15.0aq.220 2 , 5  10.5 175 3 1 3 ; 2 
10. 3 220 .2 1 10.3 ,175. 3 1 . . 

1 9.8 220 .5 . . 

a. .l~%:Arnmonium:?.Citrate 
aq 10%: Ammonium.:Citrate . . 

.::'!CP105" Temp. at 1709~ 

5%; Citr.ic. .Acid . ' ( 

2% AmmoniumI. Citr ate 
1/2%; Versene 
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. . : . Weight Lossftesults:on Metal ~o&ons:i~f-t/4.~:1/2 x 67x6- --.inch) in: Dynamic Autoclave-(1 gpm-. 025 fps) 
. . .  . . . , ,. ' I .. . '  :caustic. Permanganate at 1950F. . . . .  

. :  . 

M?\& ial ' :  eat : : ' ~ o t a l -  weight ~ o ~ s - ~ ~ k ; / d n ?  at .Time ~ndicated 
. . i Sample ! T r ~ a t m e n t  (aours) . '  

; . :No. . .  .: ~onditions., . 1/2 . . . .  1 : 2 . . . . .  . . .  . . .  4 .: :-8.. ? " .  
. . 

16 . . '  

, ? ..... . . . .  .: . . ; .  . . . . . . .  . . . . . .  . . .  
. . . .  T & ~ . ~ o ~ . s s  . . . Annealed :. :.. .. . . . . . . .  . . . .  , . .  : 

Total Avelpage Pene;tration. - 
(Mils) 

. -  . . . . . . .  Type :304.SS Sensitized 
. . I " 

. . . .  . . . .  . . 
. . 

'-s,-14 " .6.'7 .7; '7 9...2 12.3 ' 16.1 ..23.0 . . 

S 4 . 5  6.7 . 7.7 110.5.. . . .  13.5."1.'7.3 23.5 -012 

. . 
' . 

:'Carbon. Steel 2;7; 
AISI -- -Ci010 Hot Rolled - .  . . . . .  . . L-? 

. . . . . .  . .  . .:I-19 , " . .  , .  : .  i 4 .2  '7.3 13.8 15;8 36. 5 6 1 i 2  ..,- 



APPENDIX TABLE C-2 
. . , . ,. , . . . 

CI 

2, '.;Weight Loss; Results o n  Metal. Coupons. (1- 3/4 x1/2  :x .I/.$ 8- inch) in: Dynarhic Autoclave-: (1 gpm-. 025 fps), 
. . :. . . P?&:Citr ic Acid,:172%!' Yersene at. 17 50F 

. .. . . . .  . . :. , . 

2\3 
' Material Heat ' , .  . ~ o t a q  weight Loss - ~ ~ s / . d r n ~  at ~ l m e  Indicated Total Average;Penetrat!on 

. . Sample . Treatment . . ( ~ o u r k ) .  - . .. . ( ~ i b )  G3 
'71 .No. ' . : Conditions i /2  '-' 1 2 ' : 4 7--1/2 15-1/2. 

. . . . 
i ' . .. 

Type.304.SS. Annealed , ' 

I. C-,163--A 1:. 1 1..5 5 .I: 5 :'.lo 5 
..:.:C-163-B . , 0; 0 Oi.4 -0,:8 . O .  8 1.2 . . 
i C-164-.B 

, .  ! 
o.,o. 1 . 5  i . 5  1 .5 2,.1 

.f:: Carbon Steel.. Hot Rolled 
.. AISII-- . . .C1010 

, . . . 

.:I- 9 , 885 ' 1125 1546.: 2167 353$*- 
1-10. 915 1135 . i478 2096 3742*. . . . . , . I.. 75.** 
I- 64-A ' 890 ..1120 .-1480. 2008 3306* 
'1- 64-B 

, 
.. 1:920 . . 11 30 1540 2069 3478* . . 

- .. 

. *  . - . .  . Sdecimen.. ~ e m o v e d  . . after 8 hours "'! 
;**:   or 8 hours. exposure 

. _  . . . 
a .  

Area  of Sample = 0:. 129 , .- dm2 . . . . . . . :  



;Weight: h b & & . ~ ~ s @ f & o n  Metal Coupons: (b-3/4x 1/2 x 1/16 -inch) in: Dynamic Autocl3ve ;(!' gpm-.. 025 fpg) 
5% Ammsaaium. Citrate - 1'75°F . . . .  . . . .- , . 

, . 
, ,Materia%. . . : Heat Total Weight ~ o ~ s  - ~ & / d r n ~ '  a t  Time:Indicated Total Average Psetration 

. Sample::. .-. : . Treatment-.. r . . . . .:; . . .: (Hours) (Mils) 
.No. : Conditions . 11%' 11 - 2 . 4 . 8 1.-  16 

- . . . I . .  . . . . . , : ._.  . _ .  , , 

:.. ' ; ; C ~ I S ~ - A  ....o. 0 ! - - - '  , . .-+, ' . 1.2 '. 1 . 9  
. : c - 1 5 % ~  , . 0 . 0  i. 2 -" 1 . 2  ' . a:9 . 1169' 
..::C-154-A. _ .,. : , O . O  1 . 6  1 . 6  1 . 9  2 . 3  
" ~ . - 1 5 4 . . ~ : .  .:.: . . - .. . . . 0 . 0  1 ' 2  1. 6 ';10'6 2.3. 

* .  < . < :  

Carbon. Steel. , Hot Rolled 
AlSI +.clolo . . 

.I-61-A :. 695 1.049 
9-61-B ., . .- ,685 . . 1096' 

. . -  - . . .=:x . . . . . .  . . 690 . . lo72 
. . 

. :. *. Specimen r e m o v a  after '8 ,hours 
?i*' For .8 hour exposure . . w 

- Area:of Sample = :'o, 1'29 dm2 . 



APPENDIX TABLE:;C-~ ' 
. . , . . . , . ' .  

4 

Weight: LOSS. ~ e s u i t s  on ~etal-coupons: (1.-3/k.x;i/2 x 1/16 -:inch), i n : . ~ ~ n ~ i ~ -  eu&iave(i gpm-.i~25 fps) . .  . 

5% .Ammonium:.Citrate,. 2'3.. C.itr.i6. Acid, B/2%: Versene at. 1'75" . . 
. .. .. . . . . . . . . . . . . .. . . .. - . . 2 . ' 

. Material . H.eat ' - ~ o t ~ i  Weight ~ o s s ; - - ~ ~ s / d m  at Time -- :@dkated . 'Total AGerage.~enetration 
- ~.ampPe. Treatment ' . . . . . .  : (Hours) 

. . .  
. , . fMi1s) . .: ' 

Nop. -Conditions 1/2 ' 1. . 2  4 8 .. .I6 
. . .. . 

. . 
:. Type .-3O4. . . SS. '.'; Annealed 

. . 

Type 304 SS .Sensitized 

*.: . Specimen.., re.moved-after 8 hours 
** f F o r  8 hours exposure 

: Area, of Sample -= 0.. 129. dm2 : 



APPENDIX D 





. Weight ~ o s s ' : ~ e s u l t s  .0Ltained on. lype 504  stainless: ~ t e e l ' ( i -  314-. i  - ..... 1/2 - .. x 1/16 - . ~ n c h . ~ o u ~ o n s )  
: Expog ed .in. Caustic Pesmanganate at 7.7OP (25°C) 

Mater ial 
' Sample 

.No; 
.... . . . .  '.. ; 

Type .304...SS. 

. . 

. . .  Heat 
' 

Total weight LO&. - ~ ~ s / d m l  at Time:Indicated. - 

Treatment . . I:(~ays) 
? . 1.4 .2% @ , ..28 3 5 .42 . . 

49 
" ' '. . ,>';?,'; - . : . .  . .' L .. 

Annealed . . 

. . . .  . . . .  2.3 ;4;.6 :, .. 6.. 2 . la. 8 .:. ,:- .:' . - .  .. - 
i ., . 

4.3 4 .3  5; 8 . 6.6 . 6.6 8 . 1 .  7..8 
1.9 - . 3. 5 ,, , :::5,'8 . :7;8 - 8  -- '9: 7 ?;8Oi:5 
- . . I .  . . . . 

. . .. . 3.8 : .4.-1 : : 5.i.9. : .7.4 . . .7.:2 ,:.:;8~:9 '>...;9.:1 



APPENDIX TABLE ,D-2 
F 
60 
a : . i  Weight Lass; Results: Obtained on Type: 304: StainlesB; S tde l~ i+3 /4  x 1/2 x 1/16 - Inch; Cbypcras) 

. . ?cl - . E ~ O S  ed in.. Caustic. Per manganate .at 12,2W-i[509~1 . . 
. . 

W ' ,  
.. ~ a t e r . i a l  . : - . . Heat ;,.; 

+.+, - Sample .. . .- . : ,  Treatment,: 
GJ :No. 
'a . . 

't 

Type 30443S . . .  . , .:Annealed , .. ' : 

io ta1  Weight Loss - ~ ~ s / d m %  at Time Indicated 
(Bays) 

a 14 - 21 28 35 42 

3.9 7 .,8 6.2 10.1 llo 6 13,2 
3. 5 6.6 9.3 10.1 10.8 12.0 
3.1 6.2 8.5 8.9 - - 

I I 

. \ . . . ,  . , 

.is-22 ._  - . . . 13.2 16.7 . 19,O , 25,2 .26,4 . 29..8 
.,S-24, ..- -7 12.8 15.9 - - - - 

. , .  . 
S-25 - . - . ,  .. . 1.4.7. .18.6 20.2 .25 ,6  27:l .29:.4. 

. . 
. . - .  . . 
... . . x - ' 1 3 . 6  1 . 1 :  1 9 .  6. 25.4, ' . 2618  29. 6' 

. . 

2 
: Area ofr Sample =.0.129 dm. . . 



. , 1 
I .  

. , 

. . . . 

APPENDIX - TABLE: D-3 

:Weight. ~oss:.~esult& obtained on %Type. 304 $ainl&s: Steel and AE% ~ 1 : 0 ~ 0 ' C a r b o n  Steel 
/ 

. . .. : - (II- 314 w 1/2. .ri; !l/f 6,: - .Inch CouBons) Exposed. in-, Caustic Permanganate at jl.6V°F (.'l59c) . 
. . 

Mater %a1 
Sample 
:No. 
, .. . 

..Type ,304.. SS, 
. . . . 

11.0-A . 

110-B 
111-A. 
111-B; 
. . - ?,..;,x : :. 

. -. . , .  . . . 

: Heat 
C 

.TP eatment 
Total Weight' LOSS .. . ' 1 NIgs/dm2 at Time Wdicated 

: ' ( ~ a y s )  
4.: 9: . 

;. '16 
. - 22.: . '2% . 

. .  . .  
. . .. , - . . ., .. 

.. . , . 
. ., 

3.4 5 .4  . ..5..4. : 7 ,  0. - 7 . 0  9 . q  
1 .9  4; 3 6; 2 6.. 6 ' 8 .1  ,913 
2.. 3. :4:6 . '5 .0  ,.7. 8 ., 8.. -5 -9,. 6 
3: .! . ':.GI . . 4 .7  . . 6.6 . .  %. 9 .4  1.0.. 2 

- .  . < .  

. . . . . . .  

2.3 --- ..-... :4.9 . .. . .. 3 '  

5.-3 :a. 0 . .8.. '3 . .9.6 
. ' ... . .  . 

I . . 
: .. . :. 

- .  . 
. . .  

'Type 304,:SS : Sensitized . .  . . :  P 

Carbon Steel Hot Rolled 



. w 
00 
6 

. . ~ e l ~ h t ' ~ o s s ;  ~ e i u l t s  obtained on. T e 304,:~tainless s t &  and~1~1- .~1010;  ~arboh..fi:,el. - . . . . 

. (~(Qc.) . 

2 . '  MatecjaB iiHeaQ .;. ;. Total . Weight: , LOSS ; - Mgs/dm at ~ . i q e  Indicated 
; fjamplk . . - ~ r e a t ~ , e & t  YDays) . " . ..-':.. - i 

. . 
h4 :Np; . 2 4 '  . 9  ':. 14 ' . ' 18 . . 22- . , 28  

. . a1 . . . . c-1 
Type 304,: SS :. ~nn,ealed 

. , P 

i-?. C-12:6-A . m' . , 4.7 . . 7.;8 .9 :.O 12.9 13.3  18,4 .22:,3 
:., c-126-B -3 - 

. . 2,-7.;:5 . -9 .0  110.7 -14; 3 1 8 ; l .  ' - 2 L 4 .  . 
<. c - 1 2:a.- A 2; 3 .  i7 .1  . 8 . 7  1.2. 8 14.3  18; 4 21: 4 
: : . ~ - l f i - ~ .  .2 .7  '7 .8  

. , :  9'.4 ~ 2 . 5  14 .1  .1.8.4 22. a " . .. - . . . . . . . .' . . 

: Carbon Steel '. Hot; Rolled 

. . . - ;x, : .  . . 
- .  

-:Area,of sa..mae =; 0..129 dm? 



Weight Loss Results Obtained on Tme 304 Stainless Steel and ABI C.llO~OtCarBacsn Steel 
(I- 3/4 x 1/2 x 1/16-~neh Coupons) Exposed in 5 B i h 1 ~ 0 n i u m  Citrate, 296 Citric Acid, 

1/2% Versene at 7'ilq F (25°~) 
. . 

. . 

. Material . . . Heat Total  weight LC& : - ~ ~ s / d m ~  at Time gndic$ed 
. . S a m p l e  " T s e a t ~ e n t  . ' .(@aye) - , . . .  

' '  5 .  8 :NO.. 13 ; .20 --  28 

Type SS Annealed . ' 
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