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P r e s s u r i z e d  water  reai:tors currently being designed inc lude  a containment  b’uildirrg s p r a y  

sys tem for pressure  reducli.on follcxving a de:sign basis  nccjdent. Rn addi t ional  fuiictir jn proposad 

for these spray s y s t e m s  is the remova l  ui: f ission products;, particlllnrly iodine,  released to the con- 

la i r inent  buitdirig dui-ing siich an accident. ’r‘nis rvport considers a nutnber of desiy,n sons idera-  

tion;; 8s:sociated  wit!^ t h i s  f i  

arid Absoipt ion Technology Program. Ques t ions  rc la t ing  to  the removal  process and  the radiat ion 

and thermal stabil i ty o f  t h e  so lu t ions  are esnrriincd. 

In early I9h7 the nuclear indus t ry  proposed thal  the pressure redur:.tiori s p r a y s  ii~sfalled in pres:surizeri 

water reactors (FsWIP) also be ubjed a s  a means lor significantly and rapidly reducing the  fission produc:t 

r.onc:entratitm in a containment building following: a design basis acc iden t  (DBA), ‘ Since t h e  use of 

s p r a y s  for this purpose had wide  applicabili ty i n  t h e  nuclear industry,  a program WRS es t ab l i shed  at 

CIRI’JL, t o  inves t iga te  sp ray  sys t ems .  ’ 
‘The work at O R N L  inc ludes  a search  tor sol!iticxs reac t ive  to ioc l jnr !  in  both elemental and organic 

forin? e?iperirnmial verification of the removal efficiency of these so lu t ions ,  st.udies ton the corrosive 

rralure of proposed solut ions,  and an investigaiioll of the thermal  and  nidi.ation st;tbiiity o f  f.he solut icms.  

In addi t ion to BjIZNL investigations,  the program is responsible for coordinating Irdomation from indus-  

trial research and other Commission-sponsored work. 
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The work completed in the  f i r s t  18 months of the program h a s  indicated that sprays can be  used  effec- 

tively to remove elemental iodine from an environment typical  of tha t  expected under DBA condi t ions,  3-31  

Engineering-scale t e s t s  have  demonstrated removal half-lives of less than 1 min, accompanied by decon- 

F. Pars ly ,  Jr., Removal  of Elementa l  Iod ine  from Steam-Air Atmosphere by R e a c t i v e  Sprays,  OKNL-TM-1911 
(October 1967), 

4L. F. Pais ly .  Jr.,  Gas Absorpt ion Theory Applied to Conlainment  Sprays,  ORNL-TM-2002 (January 1968). 

’R.  A. Norel l i  and E. P. Tripp 111, R e v i e w  of Methods for Measuremenf of Drop S i z e  Distr ibut ion in Sprays a n d  

6-  

Recommendat ions for the Spray and  Absorpt ion Technology Program, OKNL-MIT-29 (Oct. 13,  1967). 

c lear  Safe ty  P i l o t  P l a n t  by U s e  o f  Sprays, ORNL-4253 (June 1968). 

‘E. A. Soldano and W. T. Ward, “Uptake of Methyl Iodide from Wind Tunnel  G a s e s  by a Suspended Drop of 
Water,” Trans.  Am. N u c l .  SOC. 10, 720 (November 1967). 

‘E, A. Soldano and  U’. T. W a r d ,  A Wind Tunnel  Study of the  Mass  Transport  o f  CH31 in to  a Drop of Water, pre- 
sen ted  a t  the American Chemical  Society April 1968 Meeting, San  Franc isco ,  Calif. 

9C. S. P a t t e r s o n  and  W. T. Huinphrics, “Distr ibut ion of Iodine Between Air and  Aqueous Solutions,” Trans.  Am. 
Nucl. Soc.  11(1), 374  (1968). 

‘OB. A. Soldano and W. T. Ward, “Uptake of Methyl Iodide from Wind Tunnel  G a s e s  by a Suspended Drop of 
Water, P a r t  11,” Trans.  Am. Nucl .  SOC. 1 ] ( I ) ,  374 (1968). 

“L. F. P a r s l y  and  J. K. Franzreb,  “Studies  of the Removal  of Iodinc Vapor from Containment  Bui lding Atmos- 
pheres  a t  the  Nuclear  Safety P i lo t  Plant ,”  Trans .  Am. Nucl .  SOC. 11(1), 372 (1968). 

‘*H. E. Zi t te l  and T. H. Row, “Radiat ion and Thertrial Stabi l i ty  of Sprays,”  Trans.  Am. Nucl .  Soc. 11(1), 375 
(1968). 

’ 3T. H. Row, “Reac tor  Containment  Spray Technology Program,’* IAEA Symposiiim on Operat ing and Develop-  
mental Exper ience  in  the Treatment  of Airborne Radioac t ive  !Wastes, SM-110:/26, New York City, Aug. 26--30. 1968. 

I4G.  E. Creek  et a]., T h e  Dissolut ion and  Hydrolys is  of Methyl Iodide in  Mis t ing  Spray  Solut ions,  QRN1,-2053 
(January 1968). 

”G. J. Rogers ,  Program for Containment  S y s t e m s  Experimenf,  HW-83607 (September  1964). 

I6L. C. Schwendiman e t  al.,  The Washout o f  MeNzvI Iodide  by Hydrazine Sprays, P r o g r e s s  Report, BNWL-530 

* 7Nuclear  Safe ty  Quarter ly  Report  November-December 1967,  January 1968 for Nuclear  Safe ty  Branch of USAEC 

’ *B. J. Newby, Applicabi l i ty  of Convent ional  P r o t e c t i v e  Coat ings  to Reacfor  Containment  Bui ldings,  IN-1169 

‘’€3. J. Newby, Appl icabi l i ty  of  Chemical ly  Removable  Coat ings  to R e a c t o r  Containment  Bui ldings,  IN-1170 

2oK. V. Homsy and  C. A. Glatron, R e v i e u .  o f  Li tera ture  on Cata ly t ic  Recombinat ion of Hydrogen-Oxygen, ORNL- 

’lT. € 3 ,  Row, “Spray and Pool Suppression Technology Program,” pp. 22-25 in  O R N L  Nuclear  Safe ly  R e s e a r c h  

’*T. H. Row e t  al . ,  “Spray and Pool Suppression Technoiogy Programs” pp. 19-25 in  ORNL Nuclear  Safe ty  R e -  

2 3.-- 
I .  €1. Row e t  al.,  “Spray and P o o l  Suppression Technology Prograin,” pp. 28-35 in  ORiVL Nuclear  S a f e t y  R e  

24T. 11. Row et al.,  “Spray and P o o l  Supprcssion Technology Program,” pp. 21-42 in ORNI, Nuclear  Safe ly  R e -  

25T. E. Row et  al.,  “Spray and P o o l  Suppression Technology Prograiii,” pp. 20- -37  in  O K N L  Nuclear  Safe ty  Re- 

2 6 W .  E. Cottrel l ,  Nucl .  Safe ty  Program Ann. Progr. Rept .  Dec.  31, 1967,  ORNL-4228, pp. 191-239 (Aprl l  1968). 

L. F. Pars ly ,  Jr., and  J. K. Franzreh,  Removal  of Iodine  Vapor from Air  a n d  Sleam-.4ir Atmospheres  in lh? Nu- 

- 

(Dec. 1, 1967). 

Division of R e a c f o r  Development  and  Technology,  BNWL-816 (September 1968). 

( June  1968). 

(August 1968). 

bfIGS.5 (May 3, 1968). 

and  Development  Program Bimonthly Report  for  March-April 1967,  ORNL-TitI-1864 (May 5, 1967). 

s e a r c h  and Developmenf Program Brmonthly Repor t  for May-June f 967, ORNL-TM-1913 (July 10 ,  1967). 

search  a n d  Derselopment Program Bimonthly Repor t  for July-August 1967,  ORNL-’TM-1986 (Sept. 21, 1967). 

search  a n d  D e  velvpment Program Bimonthly Reporf for September--October  1967,  ORNL-TM-2057 (Nov. 27;  1967). 

search  a n d  Development  Program Biriionfhly Repor t  for November--December f 967,  OKNL-TM-2095 (Feb .  5, 1968). 

2 7 . .  1. M. Row e t  al.,  “Spray and Pool  Suppression Technology Program,” pp. 47--7l  in O R N L  Nuclear  Safe ty  Re-  

T. H. Row e t  al.,  “Spray and P o o l  Suppresslon Technology Program,’’ pp. 55-85 in  ORNI. Nuclear  Safely Rc-  

29T. H. Row e t  al., “Spray and Pool  Suppression Technology Program,” pp. 47-95 in  ORNL Nuclear  S a f e t y  lie- 

30T. H. Row et a]., “Spray and P o o l  Suppression Technology Program,’’ pp. 49--92 in  ORNL Nuclear  Safety Re- 

31T. 11. Row e t  al . ,  “Spray and P o o l  Suppression Technology Program,” sec t .  3 in  ORNL Nuclear  S a f e t y  R e -  

aearch a n d  Development  Program Bimonthly Repor t  for January--February 1968,  ORNL-TM-2164 (Mar. 26, 1968). 

search  a n d  Development  Program Bimonthly Repor t  for  March~-Apri l  1968,  ORNL-TM-2230 (May 30, 1968). 

s e a r c h  a n d  Development  Program Bimonthly Xeporl  for May-June 7968,  ORNL-TM-2283 (July 30, 1968). 

s e a r c h  a n d  Developmenf Program Bimonthly Repor t  for July-.4ugust f 968,  ORNL-TM-2368 (Nov. 1968). 

search  and Development  Program Bimonthly Repor t  for Seplember--October 1968,  ORNL-TM-2425 ( t o  b e  issued) .  
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T h e  safe ty  injection sys tem (emergency core cooling system) also t a k e s  suct ion from the refueling water  

s torage.  T h e  spray solut ion chemical  i s  added to  the borated refueling water  in  the spray sys tem and 

discharged into the spray headers ,  loca ted  in the dome of t h e  containinent building, a t  the  design flow 

i a t e  of 2600 gpm per pump. 

‘rwo solutiolis are  being considered by industry for the  iodine removal spray sys tems.  K3oth so lu t ions  

a re  based  on the u s e  of refuel ing water  s torage  a s  the primary solut ion;  th i s  water  contains  approximately 

3000 ppm boron. One solut ion proposed contains  0.17 ill NaOFi as  the  addi t ive,  while  the second solut ion 

contains  0.17 M NaOH and 1 wt % Na,S,O,. T h e  0.17 M NaOH, 3000 ppm boron solution w a s  chosen  for 

the Diablo Canyon reactor. 

T h e  spray nozz les  a r e  located on two ring headers  a t tached  to the  s t e e l  containment l iner  in  the upper 

T h e  spray nozz les  a r e  arranged to provide maximum coverage of the  f ree  part of the containment building. 

g a s  volume and wall washdown and have  an average spray drop fal l  of 1110 ft. The  spray headers  a r e  pro- 

tected from miss i les  by concre te  shielding.  

T h e  spray system and safe ty  inject ion will exhaust  t h e  350,000 gal of refueling water  in  approxi- 

mately 5, hr under design operat ing conditions. Pumps then begin drawing from the containment building 

sumps,  which by now have  accumulated enough spray solut ion for recirculation to the  spray headers  and 

to t h e  reactor v e s s e l  for shutdown cool ing of the reactor. 

Several points need to b e  made about  the spray system operation. T h e  solut ion injected thiough t h e  

spray headers  during the  initial :; hr when refueling water s torage  is u s e d  i s  fresh solution. I t  h a s  not 

encountered ei ther  high temperature, f iss ion product radiation, or f i ss ion  product contaminants before 

enter ing the vessel .  T h e  solut ion h a s  the  maximum theoret ical  iodine seques te r ing  abi l i ty  co hen sprayed 

during th i s  period. 

Operation of the  safeguards equipment af ter  the >2-hr swi tch  to a recirculation mode will cont inue for 

some time, Spray cooling of the  containment building interior may b e  terminated in  the  f i rs t  24 hr follow- 

ing  the  accident ,  but shutdown cool ing of the  reactor core will b e  required for months. T h i s  means that  

the spray solution will be  ci rculated through the  reactor core  for a n  extended time period and  must there- 

fore demonstrate acceptab le  thermal and radiation s tabi l i ty .  

C. Publ ic Hearing Decisions 

T h e  AEC procedure for l i cens ing  of a nuclear plant provides for a publ ic  hearing conducted by an 

AEC-appointed Atomic Safety and L i c e n s i n g  Board (ASLB) in the local i ty  where the proposed plant  i s  

s i ted .  T h e s e  hearings normally involve fairly detai led quest ion and answer  sessions which cover  many 

a s p e c t s  of plant design and operat ional  philosophy. Three recent  hear ings  have  devoted s ignif icant  time 

to t h e  d iscuss ion  of the  spray s y s t e m s  proposed for the  plants. T h e  three hear ings involved t h e  Crys ta l  

River Unit 3 Nuclear Generat ing P l a n t  of Flor ida Power Corporation (Docket  No. 50-302), + - 3  the  Salem 
.__..__ ..... __ ..___.__ ..... ~ _ _  -... ____ 

321n the  Matter of Flor ida Power  Corporat ion (Crys ta l  River  Unit  3 Nuclear  Generat ing P lan t ) ,  AEC Docket  No. 

331n the Matter of Flor ida Power  Corporation ( C r y s t a l  River  Unit 3 Nuclear  Generat ing Plant) ,  AEC Docket No. 

3 4 E x c e p t ~ o n  by the appl icant  i n  the Matter of Flor ida P o w e r  Corporation C r y s t a l  River  Unit 3 ,  Atomic Clear ing  

50-302, Memorandum and Order  dated September  24, 1968. 

50-302, E x c e p t i o n s  and Brief da ted  October  14, 1968. 

House,  vol. 14, No.  43,  pp. 8-19, October  2 1 ,  1968. 
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As discussed i n  the Introduction, a nuinber of quest ions regarding spray  sys t ems  have been raised i n  

the course of AEC review of proposed plants. Some of I:hc:se wil l  r eqn i r e  addi t ional  experimental work, 

but many can be answered ~n the  bas i s  of  iiiiortnation availalili. either in existing Spray Program li terature 

or i n  the open l i t r ra turc .  

corisrderations. 

'I'l-iis section presents d iscuss jons  of a number  o f  these spray  systein design 

35111 the Matter of P u b 1 . i ~  Service Electric and G a s  Company (Salerri Nivclear Generating Station d'nits  1 and 2) ,  

3 0 
AEC Dockel N o s .  50-272 and 50-31 1, Memorandum Order  dated Sep tember  '24, 1968. 

Personal, commnriicatiun, L. F, P a r s l p  io P, 13. Row, S e p t .  2 7 ,  1968. 

3 7 ~ n  tiic Itlatter o f  ~ u m r r i o n w e o ~ ; h  pir1isoii (Z ion Station U n i t s  I atid 2), AEC Docket.  os" 50-295 and 50-304, 
Order dated October 17, 1968. 
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requires 1 g-mole of  NaOH per gram-atom of iodine. Other reac t ions  a r c  possible ,  but the  iodine equiva- 

lence  i s  the same. 

IJsing Diablo Canyon design va lues  g ives  a 2.6 x 106-f t3  f ree  volume in  the  containment and a liquid 

volume 1.8% of the free g a s  volume; the ava i lab le  liquid i s  4.7 x l o 4  f t3  (350,000 gal or 1.32 x 10' l i ters) .  

T h e  NaOH a t  0.17 mole/liter i s  2.24 x l o 5  g-moles. Thus  the solut ion conta ins  over 1800 t imes a s  much 

NaOI-I as  is required to react  with a l l  of the  iodine in  the  core. 

In the c a s e  of the thiosulfate  solut ion,  a number of react ions a r e  possible .  In neutral or acid solu-  

tion, the  usual  reaction involves  oxidation of the sulfur to tetrathionate: 

2Na,S,O, 4 I, ----) N a , S 4 0 ,  + 2NaI . 
In b a s i c  solution, the  sulfur  can  be  oxidized to  sulfate: 

Na,S,O, + lONaOH L 41, --+ 2Na,S04 >- 8NaT t 5H,O . 
If we  assume the  second reaction goes until the  NaOH i s  consumed and the f i rs t  thereaf ter ,  we find 

that  a l i ter  of solut ion c a n  react with 0.091 g-mole or  0.182 gram-atom of iodine. 

c a n  react  with 2.06 x l o 5  gram-atoms of iodine, or there i s  about  1700 t imes the amount required. Al- 

though the iodine equivalence i s  only s l ight ly  higher than for b a s e  a lone ,  there is the advantage that  a l l  

of t h e  iodine i s  reduced to iodide. 

T h u s  1.13 x l o 6  l i te rs  

2. Effect of Other Fission Products on Reagent Consumption. -- To i l lus t ra te  the effect  of all of the 

fission products in the  core  on the  reaction capabi l i t ies  of the  spray solut ion,  we  have  constructed T a b l e s  

1 and 2,  Here we have assembled  f iss ion product inventory da ta  compiited by members of the  ORNL 

Chemical  Technology Divis ion,38 volatility data  reported by Hedford and Jackson ,  3 9  and t h e  b e s t  judg- 

ment of members of the ORNL Nuclear  Safety Program Staff4' as  to reac t ions  which would consume so- 

dium hydroxide, and we h a v e  ca lcu la ted  the  sodium hydroxide equiva lence  of the mix. In the  c a s e  of t h e  

a lka l i  meta ls  (rubidium and cesium) and the alkal ine earth meta ls  (strontium and barium) we credited 

rather than debited the  NaOH balance.  We assumed that  t h o s e  f i ss ion  products which had vapor p r e s s u r e s  

of 0.1 atm or more a t  2500'K would b e  released completely and t h a t  t h o s e  with lower vapor pressures  

would not b e  released a t  all. In T a b l e  1, we assumed that  oxidizing condi t ions ex is ted  a t  t h e  point of 

r e l e a s e  and in Table  2 that  condi t ions were reducing. Our ca lcu la t ions  show that  in  the oxidizing case, 

56.67 moles  of sodium hydroxide a r e  required per metric ton of uranium or 5667 i n  our reference core. For 

the  reference case, the  ava i lab le  sodium hydroxide i s  34 times t h e  requirement. In the  reducing atmos- 

phere case, there i s  negat ive sodium hydroxide equivalence. We conclude  there  sliould be no  concern re- 

spec t ing  the avai labi l i ty  of suff ic ient  reagent to iemove the iodine.  T h e  e x c e s s e s  provided are  met- 

whelming and ensure that individual  drops a r e  not depleted of reac t ive  capaci ty  during their res idence 

time i n  the building. 

.__-___...__.. 

38- 

39R. D. Bedford and  I). D. Jackson ,  Volat i l i t i es  of the Fission Product and  Uranium OxIdes,  UCRL-12314. 

40G. M. Watson and  G. W. Parker ,  personal  communication. 

k. D. Arnold, personal  communication. 
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Table 1. Oxidizing Conditions 

Fission Produc;t 

E lement  

Se 

Br 

K r 

K b  

Sr 

Y 

Zr 

N b  

M o  

T c  

Ru 

Rh 

Pd 

A g  

Cd 

Sn 

Sb 

Tf2 

I 

Xe 

c s  

Ba 

La 

C e  

P r  

Nd 

P n i  

Sm 

E U  

u 

Vapor P r e s s u r e  NaOH Equiva len t  per  Metric 

Compound (atm a t  2500°K); Ton of Uranium for 

I atm 0 P r e s s u r e  Vola t i le  Compounds 

Gram-Atoms per  Met r i c  

Ton of IJranium 
2 

____._.__. .. 

0.0905 S C  5 0.18 

> I 0 0  0.0837 

2.90 Kr > 100 

Br2 
0.08 

2 3 4  Rb 5 -2.84 

7.45 SrO 

3.75 2 0 3  IO-’ 

26.3 ZrO 2 x 

0.5 N b 2 0 ,  

21.3 rVloO2 7 

5.6 T C  6 

14.1 KuO > 100 

2.98 R h 2 0  2 x 10-3  

4.48 P d 20 

0.44 A g  2 

0.17 Cd > 100 

0.2 1 SnO 8 

0.06 Sb 10 

2.38 Te > l o o  

1.21 I > l o o  

25.6 Xe > 100 

13.0 cs 1 

5.9 RaO 10-1 

5.5 h203  5 

13.6 CeO,  s Y 1 r 7  

5.1 l’r203 2 x 

16.5 N d P ,  2 x 

43.8 

5.6 

28.2 

0.42 

0.06 

4.76 

I .21 

-13.0 

-11.8 

1.6 P m 2 0 3  5 x 10-5 

2.8 Sm703 IO-’ 

1.7 

IJO? 2 6 10-1 56,67 
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Table  2. Reducing Conditions 

F i s s i o n  Product  Gram-Atoms per  Metric Compound 

Element  T o n  of Uranium 

- 

Se 

Rr 

K r  

Rb 

Sr 

Y 

Zi 

N b  

M 0 

T c  

Ru 

Rh 

P d  

Ag 

Cd 

Sn 

Sb 

T e  

I 

Xe  

cs 

Ba 

L a  

C e  

P r  

N d  

Pin 

Sm 

E u  

Gd 

U 

0.0905 

0.0837 

2.90 

2.84 

7.45 

3.7s 

26.3 

0.5 

21.9 

5.6 

14.1 

2.98 

4.48 

0.44 

0.17 

0.21 

0.06 

2.38 

1.21 

25.6 

13.0 

5.9 

5.5 

13.6 

5.1 

16.5 

1.6 

2.8 

3.2 

1.7 

Se 

Kr 

Rb 

S r O  

y 2 ° 3  

Z r 0 2  

Nb 

M G  

'Y C 

Ru 

Rh 

P d  

A g  

Cd 

Sn 

Sb 

Te 

I 

Xc 

C S  

Ra 

La203 

cc*o 3 

p'2°3 
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.--13.0 

-11.8 

P m 2 0 3  5 1 0 - ~  

10-4 
Sm203 

1 0 - 4  -35.83 



3. The Question of Gas and Liquid F i l m  Resistance 

T h e  process  of trdnsferring a contaminant from dn atmosphere to a scrubbing liquid i s  conceived to 

comprise  s o m e  or all of t h e  following s t e p s :  

1. transfer by diffusion through a boundary layer  to the  liquid s u r f a c e ,  

2 .  maintenance of equilibrium a t  t h e  gas-liquid interface, 

3.  t ransfer  by diffusion i n  the  liquid away from the interface into t h e  body of liquid, 

4. removal by reaction in  the liquid. 

Tine t ransfer  ra te  c a n  b e  limited by s t e p  1 o r  by s t e p s  3 and 4 or by a combination of these.  S t r p  2 i s  

assumed ins tan taneous  under all c i rcumstances.  B e c a u s e  of the different chemical  charac te r i s t ics  o f  the  

base-borate  and base-borate-thiosulfate so lu t ions  we must cons ider  the  quest ion of g a s  and liquid film 

r e s i s t a n c e  separa te ly  for each .  

1. Base-Borate-Thiosulfate Spray Solution. - In the absorpt ion of iod ine  by sodium thiosulfate  solu-  

shows that  tion, a near- instantaneous react ion between iodine and sodium th iosu l fa te  occurs .  Astaritd‘ 

for a n  instantaneous reaction, t h e  r e a c h o n  occurs at  t h e  liquid sur face ,  and the  mass transter  ra te  i s  con- 

trolled by transfer through the  gas t o  t h e  interface provided the  following criterion is met: 

where 

kr. i s  the gas-phase m a s s  t ransfer  coefficient, c tn/sec,  

C, i s  t h e  concentrat~ion in the bulk gas, g-moles/cm3, 

k: i s  t h e  mass t ransfer  coeff ic ient  without chemical react ion,  cm/sec, 

Dli is the diffusivity of a so lu t ion  reagent ,  ctn2/sec, 

D L  i s  the  diffusivity of t ransferr ing const i tuent  in  solut ion,  cm2/sec, 

C K O  is the reagent concentrat ion i n  bulk solution, g-moles/cm”, 

y i s  the m o l e s  of reagent  u s e d  per mole of trailsferring const i tuent ,  

m i s  an exponent having a va lue  between 0.5 iInd 1.0, depending on the  model under consideration. 

A s  a n  i l lustrat ion of what t h i s  ind ica tes ,  take the  case of absorpt ion of iodine by s tandard sodium 

thiosulfate  solut.ion (0.063 hl Na2S,0,)  a t  120°C in a reactor containment  building with 120 ft  fa l l  height. 

Assume drops with 1000-p sur face  mean diameter and uniform size (we c h o o s e  the sur face  meat )  d iameter  

b e c a u s e  i t  h a s  the least sens i t iv i ty  to size distribution and a l s o ,  if t h e  drops a r e  nonuniform, spray  per- 

formance wil l  actual ly  improve). The drop fal l  time i s  approximately 10 set." For 1000-p drops a t  

l Z O ” C ,  k c  i s  8.2 (ref. 3). A s  a f i r s t  approximation, D,, and D, may be  assumed equal ,  and therefore t h e  

value of rn assumed d o e s  not matter. If we a s s u m e  the  drops a r e  s tagnant ,  the  proper va lue  of m is 1.0. 

41G. Astarita.  ‘6Kegirnes of Mass Transfer  with Chemical Reaction,’’ Ind. En& Clzr-rn. 58, 18-26 (19663. 

’L. F. Parsly,  unpublished spray  performance calculations. 
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F r o m  the  reaction 

2Na2S,0 ,  + I ,  = N a 2 S 4 0 ,  -;- 2NaI , 

y i s  equal  to 2. Other react ions between sodium thiosulfate and iodine a r e  poss ib le  in  b a s i c  solution. 

However, none of t h e s e  will  consume m o r e  thiosulfate per mole of iodine. 

an equatjon f rom which k L  c a n  be  evaluated:  

Ske!land and ~ e l l e k ~ ~  present  

where 

d = drop diameter, cm, 

t c  = drop lifetime, s e c ,  

E m  7 fiactional saturat ion.  

Values  of 1 - E m  a r e  tabulated and plotted by G ~ d d e s ~ ~  as a function of dimensionless  time 

(4 ,7720Ltc /d2) .  T h e  va lue42 of DL a t  12OOC i s  6.6 x lo-’ cni2/sec. T h u s  

the Geddes plot, 1 - Enl = 0.043 and In (1 .-- E m )  = -3.147. T h u s  froin Eq. (2) 

= 2.6, and from 

and f rom Eq. (1) 

5-25 10-3 6.3 1 0 - 2  

c, - ~ 3-8 x lo - ’  g-mole of I 2  per  l i ter  ; 
8.2 

T h i s  calculat ion s a y s  that  t h e  gas-film-controlled model for I 2  absorpt ion by 0.063 M N a 2 S 2 0 ,  solu-  

tion i s  valid whenever the  concentration of I ?  does  not exceed  9.9 g / m 3 .  Since the  maximum concentra- 

tion in  the containment v e s s e l  in  the  reference c a s e  i s  0.21 glni3, i t  a p p l i e s  for the concentrat ions of 

concern in  our reference design.  

2. Base-Borate Spray Solution. -- In the c a s e  of the other solut ion proposed for iodine removal (0.17 

M NaOH + 0.28 M H3BQ3) the  a n a l y s i s  i s  iiiore complicated. Iodine undergoes 3 variety of hydrolysis  re- 

ac t ions  i n  water solution: s 

43A.  If. P. Skel land and R. M. Wellek, “ R e s i s t a n c e  to Mass  Transfer  Ins ide  Droplets,” A.I.Ch.E. .l. 10, 491-94 
(1964). 

4a1?. L. Geddeo, “Loca l  Ef f ic ienc ies  of Rubble P l a t e  Fract ionators ,”  Trans.  Am. I n s f .  Chem. Engrs.  42, 79 
(1 946). 

4 5  A. E. J .  Eggleton,  A Theoret ical  Exarninaf ion of Iodine-Water Par t i t ion Coeff ic ients ,  AERE-R-4887 (1967). 
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T h e  above l i s t  is typical  but d o e s  not  l i s t  a l l  of the possibi l i t ies .  T h e s e  same react.ions a l s o  e x i s t  

with t h e  base-borate-thiosulfate system. 

Eggleton assumed H I 0  is not volat i le  i n  h i s  calculat ions,  a l though h e  recognizes  1.hat i t  probably is 

vola t i le  and caut ions that. t h i s  may have  to b e  considered i f  t h e  partition coefficient neglect ing HOI vola- 

tility e x c e e d s  10". Cartan" and  co-workers a t  Idaho Nuclear Corporation have  recently sugges ted  tha t  a 

previously unidentified volat i le  iod ine  s p e c i e s  i s  probably I-IC)I and  tha t  its fotmation is favored by high 

temperatures and by pW atove 8. Calcula t ions  made a t  ORNL4'  us ing  Eggleton 's  system of equat ions 

confirm tha t  at IOu4 mole/ l i ter  X 2  equivalent ,  pII of 9.0, and 10O"C, 45% of the dissolved iodine would be  

in  ihe form of HOI. 

On the  other  hatid, when reactiori (6) a t t a i n s  equilibriurn, the  formation of H I 0  is greatly suppressed .  

niole/liter total iodine,  t h e  concentrat ion of H I 0  i s  ca lcu la ted  to For  example, for 2S°C, pH 9, and 

b e  9.4 x IOws mole/litet without react ion (6) and 2.9 x I O - ' '  mole/ l i ter  i f  reaction (6) goes to equilib- 

rium, Eggleton"5 indicated reaction (6) at 25'C will have c a u s e d  10% of the  change in partition coeffi- 

c i e n t  i n  ten years  at  pI-1 5, 11 hr  a t  p1-I 7, and 4 sec at pII 9. Data  reported by Cartan a t  ~ 5 1 . ~ ~  f o r  I 2  d i s -  

so lved  i n  H,O a t  90°C indica te  50% of the WOI destroyed in 1 hr and 90% i n  16 hr. T h e  pH w a s  not 

reported but should have  been  less than 7. ''Thus there  is a reasonable  b a s i s  for speculat ing that  reaction 

(6) might well be ins tan taneous  a t  90°C: and pH of 9. It should b e  p o s s i b l e  to arrive at a conservat ive 

limiting value by taking the  lower l imit  given by Cartan et al. '' for t h e  partition coefficient f o r  I f 0 1  be- 

tween water  and a i r  and assuming that  the iodate  reacf-ion (6) does  not occur  at a l l .  W e  s u s p e c t  that  such  

a va lue  would be  conservat ive by s e v e r a l  orders  of magnitude. 

For ins tance ,  a t  100°C and 5 >: mole/liter of 1 i n  the spray  solut ion,  which a re  typical  of de- 

s ign  basis acc ident  condi t ions,  t h e  limit value of the  partition coeff ic ient  including WOI volatility would 

b e  200; excluding 1301 volatility, i t  is 27,000. If the iodate  reaction is considered,  it: is probsbly e v e n  

higher. The  resul ts  o f  t.he NSPP experiments  using base-botate  spray  solut ion ind ica te  that  t h e  lower 

limit va lue  is not If it  were, we would expect  to observe  very smal l  overall decontamination 

46F. 0. Cartan et aI., Ev idence  for  the Existence of Hypoiodous Ac id  a s  a Volat i le  Iodine Spec ies  Produced if1 

47 
Water-Ajr iWixfiires, presen ted  a t  10th USAEC Air Cleaning  Conference.  N e w  York City ,  Aug. 28, 1968. 

I.,. F. Pars ly, unpublished calculations. 
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factors .  I t  h a s  been shown4 that  the  limiting dccontamination factor for a containment system is given by 

For  the  NSPP, the liquid to g a s  volume ratio (Q,/Q,) i s  approximately 0.009. If X is 200, then the 

limiting D, i s  1 + (0.009)(200) 

which requires  that  H b e  of the  order of l o 5 ,  which confirms K g g l e t ~ n . ~ ’  

2.8. We have  observed decontamination factors  i n  e x c e s s  of 1000, 

C. The Effect of Spray Drop Saturation on I8emovaI Efficiency 

T h e  quest ion of whether spray drops will become sa tura ted  during their t ransi t  through a containment 

atmosphere i s  sometimes asked.  T h e  maximum mass transfer rate i s  achieved for 100% gas-film resis t -  

ance. It i s  given by: 

dw’dt - kC7 d 2 C G  , 

and the  total  transferred up to  time t ,  assuming a cons tan t  transfpr ratc, is 

w - k ;  d 2 C , t .  

T h e  amount of ieagent  used up i s  given by 

In order to get  a lower limit for saturat ion time, a s s u m e  transfer occurs  a t  t h e  gas-film-controlled rate  

until the  inventory of reagent in the drop i s  used  up. Then 

7 d 3  C,, 
k c V d 2 C  t = -  - ,  

G s a t  6 9 

Using the reference case values:  

T h i s  i s  much longer than the 10-sec  residence time and ind ica tes  tha t  (1) saturat ion will not  occur  and 

(2) the  approximate approach taken in  the  calculat ion w a s  justified. T h i s  calculat ion a p p l i e s  when spray- 

ing s tar ts .  A s  spraying cont inues,  C, rapidly becomes smaller  and t sa t  therefore becomes larger. S ince  

w e  have  shown above  that there is about a 1600-fold reagent e x c e s s  i n  the solut ion,  C K  remains practi- 

cally constant .  

I t  is necessary  to  point out that  other  fac tors  may inf luence the availability of t h e  1600-fold reagent 

excess .  T h e  presence  of other f iss ion products a s  well a s  construction mater ia ls ,  such  as  aluminum, 

which react  with the  reagent must be  considered. However, the  value of 1600 is a l s o  conservat ively 

based on t h e  unrea l i s t ic  case of total iodine r e l e a s e  for reaction with t h e  spray solut ion.  
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0. The Effect of Spray Drop Size 

1. h a l l  (1 to 2 p) Drops. - It  is a well-known fact  that  the  liquid drops produced by spray  nozz les  

are  not a l l  the  s a m e  s i z e ,  bur. rather cover  a range of sizes. Actually there a r e  two s i z e  groups - the  

pri,rnary group of re la t ively large drops (:> 100 /I. diam) and a group of "fines" of I to 2 p diameter. T h e  

f ines  a r e  produced in  the process  of breaking t h e  l iquid s h e e t  or jet into drops. They  represent  a negli- 

giblr  fraction of the  liquid mass and sur face  and  therefore a r e  generally not consitlored. H e c a u s e  of their 

relatively s m a l l  diameter ,  they const i tute  a relat ively pers i s ten t  aerosol  and,  unJ.ess col lec ted  by filters 

or by the  wal l s  of the  leakage  path, must b e  cons idered  as a part of the  source  term for leakage.  How- 

ever, it i s  re lat ively e a s y  to show that  t h e  l iquid holdup represented by t h e  "fines" is a n  unimportant 

fraction of the  a v a i l a b l e  inventory. 

F o r  instance,  i n  our  reference case w e  are del iver ing 2600 gprn to n 2,600,000-ft ~' building. Convert- 

ing  to ceritimeter-gram-second uni ts  th i s  i s  a l iquid flow of 1.64 '* l o 5  cm3/sec to a volume o f  7.36 x 10" 

cm".  S u p p ~ e  t h e  number mean diameter of the spray drops  i s  700 p; then t h e  volume of ;in average drop 

is 1.8 x IO" cm', anti the spray is introducing 9.1 x I O 8  drops per second into the building. Further 

suppose that  ten fine drops are created for e a c h  primary spray drop ( two to  three  is the  normal expecta-  

tion). We a r e  introducing 9.1 x .IOg Fine drops per  s e c o n d  in to  a volume o f  7.36 x 10" crn' , or we have a 

source term of 0.124 drop c m - - j  sec-'. 

Now a s s u m e  t h a t  t h e  only mechanism for removing t h e  drops is agglomeration due  to Brownian move- 

rnent. According to Green and Lane," '  the  coagulat ion cons tan t  should b e  approximately 5 x 10-" 

Cm"/sec, 

At  equilibriunr, the  removal ra te  should e q u a l  the soiitce term. Substituting and  solving for n: 

R - 1.57 A l o 4  f i n e  drops/c:m3 . 
If one a s s u m e s  t h e s e  drops have  a diameter of 2 11, their  volume is ca lcu la ted  ;is follows: 

77 
V = - - ( 2  x 4.2 x cm3 . 

6 

The  liquid f ines  holdup per cubic  centimeter of containment  volume is then 

V ,  =? 4.2 x lo- ' '  x 1.57 x 10" = 6.6 x lo -*  cn13 . 

As s t a t e d  above,  the  total  volume of l iqu ids  in t h e  containment building is 1.8% of  the  free gas volume. 

If a l l  of t h e  f iss ion products a r e  in the  l iquid and  i t  is uniformly mixed, the solutioti aerosol  conta ins  

6.6 i lo-'  x l o 2  

1.8 x 10-2 
- 3.7 /i 1u-"O/n 

of the  f i ss ion  product inventory. 

4811. L. Green and W. R. Lane, Partir'tilate Clouds,  Dusts,  Smokes, n n d l l i ~ t s ,  Spon, London, 2d ed., 1961. 
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T h i s  calculat ion iS based on conservat ive assumpt ions  throughout and clear ly  s h o w s  tha t  the  source  

te rn  from the  spray aerosol  i s  of negligible importance. 

2. Drop s i z e  Distribu4iona, - Turning back to the  primary spray,  a niimher of s i z e  distribution func- 

tions have been proposed by various workers. O n e  which appears  to give a fairly good f i t  to most spray 

data is the  log-normal distribution. This s t a t e s  t h a t  the  logarithm of the property on which t h e  distribu- 

tion is based i s  normally distributed. For a log-normal distribution, two parameters, the  mean and the 

geornetric s tandard deviat ion,  a r e  required to d e s c r i b e  the  distribution. If t h e  s i z e  dis t r ibut ion i s  log- 

normal a plot of the  cumulative value of the property vs  diarnzter on log-probability graph paper  gives  3 

st raight  line. T h e  s tandard deviation m a y  be def ined a s  the  ratio of the 84.13% s i z e  to 50% s i z e  or as  

the logarithm of that ratio. \\‘e prefer the first definition. 

T h e  mean diameter  of a spray may be  defined on the  b a s i s  of severa l  different properties: 

1. number mean, b a s e d  on the number of drops a s  a function of diameter, 

2. sur face  mean, based  on the surface of drops a s  a function of diameter, 

3. Sauter (surface-per-unit-volume) mean, based  on t h e  sur face  per  unit volume of the  d rops  a s  a function 
of diameter, 

4. volume (or mass)  mean, based  on the  volume or m a s s  of drops per unit of diameter. 

Of t h e s e ,  the  number mean or the mass  mean i s  nornially obtained direct ly  by s i z e  measi.1rin.g tech- 

niques. If the  distribution i s  lognormal ,  the  s tandard deviation for a l l  means i s  t h e  s a m e  fcr any given 

spray. Further ,  the m e a n s  a r e  related to e a c h  o ther  as s imple  functions of the  s tandard deviation. 

We have  developed a computer program to dea l  with the  performance of a spray  having  a log-normal 

drop s i z e  distribution by dividing the spray into a la rge  number of s i z e  groups, e a c h  of which w e  presume 

can  b e  charac te r ized  by a uniform diameter for a l l  members of the group. IJsing th is  program we have run 

a sensi t ivi ty  a n a l y s i s  of the effect  of s tandard deviat ion for the same spray when defined by i t s  number, 

surface,  Sauter, and m a s s  mean diameters. The standard deviation for the spray  i s  taken a s  1.5. 

s u l t s  a r e  presented  in  T a b l e  3. 

T h e  re- 

Table  3. E f fec t  of Standard Deviation on Calculated H u l f - L i f e  for Gas-Film-Controlled 

Absorption of Iodine from an Air-Steam Atmosphere a? 120°@, Using a F l a w  

of 13.2 gpm i n  the Nuclear Safety Pi lo t  Plant  

Calcula ted  Half-Life 

Numbera Surfaceb  SallterC Massd  

..... ___._ _.___..__.._-...I_ .... __ ..... 
Standard Deviat ion 

...... ___..__ ___.____..___I_ __ __...__ 

1.0 27.2 57.5 68.1 80.6 

1.5 53.9 53.8 53.8 53.8 

1.8 117.5 50.7 30.8 32.8 

2.0 211.5 48.4 33.1 22.5 

‘Nnean diameter, 733 p. 
bMean diameter ,  1018 p. 
‘Mean diameter, 1105 p. 
dMean diameter, 1200 p. 
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T a b l e  3 s h o w s  that  t h e  half-life i n c r e a s e s  with s tandard  deviation i f  t h e  spray  i s  descr ibed  by the  

number mean hut  decrease:; with increasing s tandard  deviat ion if any of the  o ther  th ree  m e a n s  is used. 

T h e  sur face  mean is t h e  least s e n s i t i v e  to s tandard deviat ion.  

This means  t h a t  performance ca lcu la  lions made u s i n g  any  mean diameter except  the number mean and 

assuming a l l  drops a r e  menti s i z e  should give conserva t ive  resul ts .  

p f rom H ~ c l e ~ r  Safety Pilaf Plant and Containment Systems Experiment 

to Large Pressurized Water Reactors 

Signif icant  in the  appl icat ion of spray experiments  to the  acc ident  a n a l y s i s  c~f large PWR’s is the 

scale-up from :;mailer conf.ainnient research fac i l i t i es .  We bel ieve  that  this can  be reasonably accom- 

pl ished through the  u s e  of conservat ive models  in ex is tence .  In addition to the  d e s i g n  considerat ions 

d i s c u s s e d  in o ther  s e c t i o n s  of th i s  report there  a r e  two  a r e a s  that  need to be cons idered  i n  t h i s  scale-up: 

I. the  e f fec t  of t h e  l iquid which reaches  t h e  v e s s e l  wal l  and  runs down i t ,  

2. t h e  e f fec t  of drop coa lescence .  

1. Wall F i l m  Effect. - For most of the s e t u p s  in  the NSPP, a s ignif icant  fraction o f  t h e  liquid h i t s  

the vesse l  wal l  a n d  runs down it. T h e  sur face  a r e a  of  the film running down the  w e l l s  turns out  to b e  

severa l  t imes  t h a t  of the spray drops fal l ing through the  v e s s e l  atmosphere. Thus ,  e v e n  assuming the 

m a s s  t ransfer  coef f ic ien t  from v e s s e l  ai-mosphere to  wal l  f i l m  is subs tan t ia l ly  lower than tha t  from v e s s e l  

atmosphere to drops,  a s ignif icant  part of t h e  absorpt ion is probably done by the wall film. 

I t  s e e m s  ev ident  that  t h e  wall film ef fec t  is much more important in recent runs where  w e  have  used  

three Spraying Sys tems Company 7G3 nozzles s p a c e d  uniformly on a 34-in.-diam c i r c l e  than in ear l ier  runs 

which used  one Sprayco type 1713 nozzle  on t h e  v e s s e l  cen ter  line. T h e  spray pattern of t h e  former noz- 

z l e s  has a larger  included angle  than that from the  la t ter .  In addition, the minimum d i s t a n c e  to the  wal l  

i s  18 in. less. This i s  confirmed by our exper ience  t h a t  w e  had  trouble gett-ing wall runoff samples  when 

we were us ing  t h e  1713 nozzle ,  a s  well a s  by trajectory calculat ions which indicated that  very l i t t le  of 

the spray from t h e  1713 should reach the  wall. 

We frequently h a v e  observed better perforniance of t h e  spray in our experiments  than predicted by our 

analyt ical  model. I t  i s  cer ta inly poss ib le  that t h e  wall film accounts  for the difference. 

A s  the v e s s e l  size increases ,  the  wall f i l m  e f fec t  should  become l e s s .  We would e x p e c t  much l e s s  

effect  in  the  CSE than in the NSPP, and even l e s s  in  the  large PWR. A t  the  present  time w e  have  not 

developed a n  ana ly t ica l  model which predicts  the ra te  of absorpt ion into wall films. 

T h e  theoret ical  models  u s e d  to predict spray  experiments  in  the  NSPP and CSE have ,  with minor ex- 

cept ions,  predicted conservat ive answers .  We feel that  t h e  same theory should he appl icable  to large 

PWK’s and s u g g e s t  tha t  predictions be  based  on s p r a y  performance models rather than on  experimental 

data. 

2. Drop Coalescence. - In  a sys tem containing a n  array of spray nozzles, the poss ib i l i ty  of drops 

colliding and  c o a l e s c i n g  i s  present. On the o ther  hand,  e v e n  though the  reference des ign  spray is the 

equivalent  of a very s e v e r e  rainstorm (2600 gpm to a 140-ft-diam building amounts  to a rainfal l  of 16 



in./hr), the  drop densi ty  i s  not terribly high. Mason4' g ives  an equation which c a n  s e r v e  a s  a b a s i s  of a 

model for removal of drops by coalescence.  This  is: 

where 

dm/d f  - ra te  of i n c r e a s e  of m a s s  of larger  drop, 

E l  = col l i s ion  efficiency, that  i s ,  the  probability tha t  if the equat ions of motion s a y  that  two drops 

E ,  = capture  eff ic iency,  that is, the  probability t h a t  i f  there is a col l is ion,  cap ture  will occur, 

will co l l ide  they will do so, 

K = radius  of the large drop, 

w = concentrat ion of liquid as  smaller  drops,  g / c m 3 ,  

V = terminal velocity of large drop, 

v - terrniiial velocity of small drop. 

We a s s u m e  tha t  a l l  drops are falling a t  their terminal ve loc i t ies ,  that drops of a l l  s i z e s  a r e  uniforinly dis-  

tributed throughout t h e  containment building, and tha t  t h e  properties of the  large drop are not changed as  

a resul t  of the  capture. I t  is rather s imple to modify t h e  equation s o  that what we c a l c u l a t e  is the  rate  of 

,ernoval of the  sriialler drops by the larger. Using a 61-group model, we u s e  the above equat ion to calcu-  

la te  the  rate a t  which drops of a given s i z e  a r e  be ing  removed by a l l  larger s i z e s .  T h i s  i s  done for a l l  of 

the drop s i z e s .  At t h i s  point in the program, the calculat ion indicates  severa l  of t h e  smal le r  s i z e s  a r e  

being removed fas te r  than they a r e  introduced by the  spray nozzles .  We handle t h i s  by arbitrarily reducing 

the population of e a c h  s i z e  until the  calculat ion says n o  s i z e  is being removed fas te r  than i t  i s  being 

supplied. T h u s  w e  arrive a t  a new s i z e  distribution cor r rc ted  for coa lescence  e f fec ts .  Our calculat ions 

indicate  that  a column 1 cm2 x 3550 c m  (120 ft) high conta ins  only 255 drops, or t h e  drops a re  ahout 14 c m  

(6 in.) apar t  on t h e  average. Caiculat ions based  on th i s  coa lescence  model show that  a t  t he  spraying rates  

proposed for containment buildings currently b r i n g  designed,  the removal cons tan t  i s  reduced 10 to 20% as 

a resul t  of drop coa lescence .  

F. Radiolyt ic  H, Generation 

1. Thecry. - For  the  l a s t  several  decades  t h e  radiolytic decomposition of water  and aqueous  solu- 

tions h a s  been thoroughly investigated. An exce l len t  summary of the fundamental theory of t h e  processes  

involved i s  given by Allen.so 

The radiolytic degradation of dilute aqueous so lu t ions  i s  a n  extremely complex process .  In the  

s implest  s e n s e  i t  may be  s a i d  that the  ini t ia l  products  of the radiolytic degradation are those  iesul t ing 

f iom water  decomposition, that  i s ,  the  hydrated electron e-~(aq) ,  the  OH radical, and H+(aq). T h e s e  a r e  

formed heterogeneously in  the ini t ia l  spur  (path) a long  which the  energy i s  being absorbed.  A s  they form 

they may (1) reac t  with each  other  or (2) diffuse to  the  body of the solution where they may cont inue to 

..- .________ ..... ..... ___...__ 

49B. J. Mason,  The Physics  of C l o u d s ,  p. 110, Oxford, 1957. 

50A. 0. Allen,  The  R a d i a t i o n  Chemistry of Water a n d  Aqueous Solution, Van Nostrand,  1961. 
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~ : n c : t  with e a c h  o ther  or with a reactive solute. T h e  consequence  of t h e  interactior? arrloilg themselves  

r e s u l t s  in t h e  formation of the  so-called molecular products  H 2  and 1-1,02, O 2  (plus  !he re-forruation of 

W,O), T h e  extent  to which t h e s e  e n t i t i e s  a r e  formed i s  normally expres:;ed a s  a G value ,  that  is ,  the 

number of moIecu1es or rad ica ls  of e a c h  such  s p e c i e s  formed per 100 e v  of energy absorbed.  

yield is nortnally e x p r e s s e d  a s  a subscr ip t  arid t h e  n e t  o t  ac tua l  yield a s  a parentheticzil notation. 

example, G 

the  ac tua l  amount measured by some physical  or chemical  means. In a s e n s e  the subscr ip t  G value may 

bt: considered as tha t  occurr ing within the s p u r  or c l o s e  to i t  while  t h e  parenthet ical  G value i s  that  re- 

su l t ing  af ter  diffusion away from the spur  and subsequent  reaction with the  so lu te  or  o ther  radiolytic 

spec ies .  T h e  primary radiolytic products are of n e c e s s i t y  i n  balance j u s t  as  is any  other  chemical  reil(:- 

tion, that. i s ,  for every  oxidation there must tie a n  e q u a l  reduction. T h e  material ba lance  normally used is 

the following: 

The primary 

For 

is t h e  hydrogen peroxide formed direct ly  f rom the water by radiation while  G(H,OJ is 
* I 2 0 2  

The c:ommonly a c c e p t e d  G values for the  direct  yield a r e  the following: 

It should b e  emphasized here  that  the  va lues  shown a r e  t h o s e  for pure H 2 0  under gamma radiation. 

These values  may b e  modified by  the presence  of a n  a c t i v e  solute;  for example, the  p r e s e n c e  of a te- 

ducing agent  may d e c r e a s e  the H,O, yield whi le  a t  the  s a m e  t i m e  apparently increas ing  the  Of1 yields. 

Qual i ta t ively this  would mean that  solute molecules i n  t h e  spur  might react  with a radic:al be€ore i t  h a s  

a n  opportunity to r e a c t  with another  radical to form a molecular product. There  has been some t.endency 

to consider  t h e  above  G values  as limiting in  a l l  aqueous solut ions,  that  i s ,  to cons ider  that  t h e  (YXj 

va lues  c a n  be no higher  than t h e  h;(,%) value. This is, of course, fa l lacious since the G ( X )  value may b e  

much larger  than G b e c a u s e  of secondary reac t ions  taking p lace  between the  various e n t i t i e s  and t h e  

solute. Al lenso  g ives  higher  G(HJ va lues  for other sys tems.  'The G values  above obtain only for pure 

water; for t h e  spray  so lu t ions  under s tudy the  G(€f2)  should  riot differ greatly from the theoret ical  value. 

( x) 

Once formed, t h e  primary radiolytic s p e c i e s  diffuse to  the body of the solut.ion where they may m d e r g o  

a variety of chemical  reac t ions  homogeneously. 

modes of  interact ion taking place: 

T h o s e  l i s ted  below are considered to show the principal 
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T h e  interact ions shown lead to the re-formation of II,O and to s teady-s ta te  concentrat ions of the  mo- 

lecular  s p e c i e s .  J e n k s '  l h a s  derived a s e r i e s  of s imultaneous oquations involving the  direct  radiolysis  

yields, reaction rates, and equilibrium concentrat ions by which i t  should be  theoret ical ly  poss ib le  to 

c losely es t imate  t h e  equilibrium gas  concentrat ions in a n  aqueous system. T h e s e  equat ions  are s imilar  

to those  derived ear l ic r  by Allenso and give a relat ionship between e x c e s s  oxidant concentrat ion and 

s teady-state  concentrat ions of I{,, H 2 0 , ,  and 0,. Both treatments u s e  a material ba lance  involving the 

parameter R ,  which represents  the excess of oxidant. T h e  material balance is 

IH21  + 0, = [H,O,I - 2[0,I . 
It should b e  noted that  th i s  material balance i s  different from that shown previously, in  that  th i s  involves  

only the  inolecular s p e c i e s  while the previous material ba lance  eqiiation involved only t h e  direct  primary 

( x) 
radiolytic s p e c i e s .  Therefore i t  i s  evident  that ,  a s  pointed out earlier, the  two quant i t ies  G ( X )  and G 

should be  clear ly  dis t inguished.  While the  G, yield for pure H20 h a s  been fairly wel l  es tab l i shed ,  the  

G ( M , )  value i s  s u b j e c t  to a variety of parameters. Under t h e  treatment of both Allen" and J e n k s s l  the 

G H q  value determines t h e  equilibrium concentration of H,  in a c losed system, whereas  t h e  G(!.T2) value 

determines t h e  ra te  of appioach to equi.l.ibiiuii1. 

2 

T h c  two mathematical treatments d i s c u s s e d  above  have  certain limiting factors  which may have great 

import in the case a t  hand. 'These a r e  briefly: 

1. Few data  are ava i lab le  for the  G va lues  a t  high pIE l eve ls .  

2. 'The effect  of g a d l i q u i d  rat ios  on the equilibrium concentrat ions i s  not known. 

3.  N o  data  are ava i lab le  on the  exac t  effect  of the  presence of N a 2 S , 0 3 .  

In amplification of e a c h  of the  above in  the order l i s ted :  

1. Recent  ~ o i - k s ~ ~ , ~ ~  have  indicated that ,  in b a s i c  so lu t ions ,  other react ions than those given previously 
may have  a great  effect. Examples of t h e s e  are: 

"G.  H. Jenks ,  E f f e c t s  of R e a c t o r  Operation or: H F I R  Coolant, ORNL-3848 (October  1965) .  
5 2  W. .4. Armstrong, "The Radio lys i s  of Alkal ine Aqueous Solut ions Containing Hydrogen a n d  Oxygen," Can.  J .  

Chem. 44. 737 (1966). 

Aqueous Solution," Trans. Faraday  Soc. 61, 492 (1965). 
53G. E. Adams, J. W. b a g ,  and €3. 1). hfiuhael, "Spectroscopic  Studies of R e a c t i o n s  of t h e  OH Radica l  in  
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0- i- o:, - 0,- 

0- i IT,O, 4 0,- i t7,O 

03-  !120, n7-- t 0, t M,O 

2. 

3,  

The rate  cionstants of t h e s e  react ions are of s u c h  a n  ordcr that the miatherriatical treatment of J e n k s  
may  not hold fot the b a s i c  borate and b a s i c  Na2S ,0 ,  borate spray s y s t e m s  contemplated. 

T h e  high gas/ l iquid ratio may have  the effect o f  cons tan t ly  replenishing the 0 ,  consumed in solution 

by H 20 
a higher  gas concentrat ion s i n c e  th.e c;. may have  a higher effect ive value, 

T h e  e f fec t  of the  presence  of NalS2c):, on t h e  radiolyt ic  H, generation ha!j not been  pinpointed, 31- 
though da ta  generated a t  th i s  Laboratory would ind ica te  that i t  h a s  a n  enhancing  effect .  If w e  assume 
that the  S 9 0 3 2 -  ion is oxidized simply to S , 0 b 2 - ,  then a n  equivaltmt amowit of I-I* would he  reduced 
to 1-1,. Eiis would b e  addi t ive if1 some amount to the radiolytic 1-1, prodiuced Erom t h e  water  radiolysis. 

2* The Evaiuation of G(H2).  - A s  pointed out above,  the radiolytic gent:r;3ti(>il of H, involve:!; two 

formation. ’Therefore equilibrium, a s  i l lus t ra ted  by the  rnolecular ba lance ,  may be  at ta ined a t  

fac:tots, namely, GE12 and G(H2)., In pure water  r3r in  water  containing a so lu te  which is  not reactive, 

G(H2) will  approac:h 6 ,  as a limit, ‘The presence  of sorrie oxidizing agmt s u c h  as  0 ,  m a y  c a u s e  WH,) 

to be less than G H  , tha t  is, l e s s  than 0.44. In the irradiation of water contajning 0 ,  i t  has been found 

that. G(FI,) 2 0.2.54 Coiix/ersely, when the W, is s w e p t  o u t  of the system iis rapidly a s  i t  if; formed, 

G(H,,j ::: GI, ~ Zt should be understood that  here, even  a t  equilibrium condi t ions,  G x I Z  :: “,0.44 while 

G(l-1,) 2: 0. In o ther  words the molecular H 2  is recombining os quickly as  i t  is formed. 

2 

2 

2 

Util.izing both the  J e n k s  and the Allen Zipproach it  may he  est imated that  the equilibrium concentration 

of radiolyt ic  W, from a n  air-saturated soliitjon should be “ , 3  vol 76 (at  25°C). Th i s  is s t r i c t l y  t tue only 

for a pure a i r - s a h r a t e d  H,O system, 

Studies  carr ied out  OIL the proposed s p r a y s  (NaOH-~i3PJ(~3 .Na~s ,0 , ;  and NaOH-J-ii,BO , ~ )  d o  not  resu l t  i n ,  

ally such low equilibrium PI2 overpressure. 2 8  A l l  d a t a  reported were obtained from capsuLe irradiation of 

the  soluiioris. 

lyt ic  gas overpressure  as a function uf dose.  

s t a t e  a t  over  3 atm g a s e o u s  overpressure. T h e  curvature  exhibi ted a t  the  higher overpressure docs indi- 

cate that equilibrium condi t ions a r e  being approached. It should be  s ta led  here that the  relal ive pres- 

sures of t h e  two proposed spray so1ut.ions should  not be  taken a.s any indication of re lat ive amoi1nt.s of 

radiolytic 1-1, being generated. The  gas/ l iquid rat io  w e d  in this  t e s t  was  only approximate since the 

putpose was to determine the pressures  which could be bui l t  up by the  radiolytic g a s e s  a t  the apptoximate 

dose  expected,  By comparison both the  kX,O and the tl ,BO ,~ solution exhibi t  equilibrium overpresslutes of 

“,O.?, alm. 

In Fig. 2 a r e  shown the resu l t s  obtained from a s tudy carried out to a s c e r t a i n  the radio- 

Nei ther  of t h e  ~ w n  proposed s p r a y s  shows a true equilibrium 

The above  t e s t  does not give any indic:a!.ion of t h e  compositiori of the  rdio!yt ic  g a s ,  although pre- 

vious da ta  ind ica ted  it to be largely R,. ’l’herefore another  test w a s  carried o u t  under m o r e  exac t ing  cun- 

ditions whereby the amount of radiolytic H, was measured under conditions s imilar  to the preceding tes t .  
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ORNL-  DWG. 68-5172 
.......... ,---.-... 1 ...... ~ - .  .... , .... .- 

TEST SOLUTIONS: 

C. 5000 ppm B 
0. W,0 

Gas/ l iq ra t io  -0.2 

Cover g a s ,  air 

E +.- 

KAUIAI IUN I N S t ,  r x  

Fig. 2. Pressure vs Dose. 

Tab le  4, Radiolytic Hydrogen Generation a s  a Function o f  Gas/Liquid Rat io and Total D o s e  

Solut1on l a  Solut ion 2b  

H, (cc/nlj  P H 2  ( a h )  G(H2j H 2  (cc/ml)  PIE, ( a tm)  G(H,) 

. ........................................... - ~- ............ G n s i L i q u i d  R a t i o  Dose (r) 

2511 1 x 108 0.70 0.31 0.63 0.29 

511 1 x 108 0.90 0.40 0.89 0.39 

111 1 x 108 1 .oo 1.0 0.43 0.90 0.9 0.39 

0.211 1 x 108 0.74 3.7 0.32 0.51 2.7 0.21 
___..__ .... _.__ - x__ _______ 

'1 wt  Yo N a 2 S 2 0 3 ,  3000 ppm boron, 0.15 N NaOW. 

b3000 ppm boron, 0.15 N NaOII. 

The  data  shown in T a b l e  4 indicate  strongly that  a great percentage of the overpressure noted w a s  indeed 

due to radiolytic H,. T h e  data  also point up some difference in  t h e  gas generation per  unit d o s e  of the 

two spray solut ions.  T h e  basic borate solution d o e s  not build up radiolytic FI,  qui te  so quickly nor to so 

high a n  overpressure [G(H,)] (per  unit dose)  as  d o e s  the b a s i c  thiosulfate solution. '4s h a s  been ie- 

ported,26 the g a d l i q u i d  ratio does  have an ef fec t  on  t h e  rate  of 8 ,  generation, increas ing  as  the  ratio 

decreases .  T h i s  i s  undoubtedly due to  the  0 ,  interact ion with H ,  to re-form H,O, that  is, more 0, avail- 

able  l e s s  net  13, formed. At very low gas/liquid rat ios  t h i s  effect i s  apparently reversed ( a t  high doses)  

due t o  the  very high H,  buildup approaching a n  eqiiilibriurn concentration. The d a t a  a l s o  i l lus t ra te  t h e  

fal lacy of us ing  C(H,) a s  a n  exac t  measurement for the  rate  of H 2  buildup. I t  i s  c l e a r  tha t  i t  should be 

used only to s p e c i f y  t h e  net  11, found under spec i f ic  condi t ions.  



Bri conclus ion  the following points  c a n  b e  made: 

1.  The equilibrium concentration of radiolytic H from both basic borate and  b e s l c  borated thiostll€ate 
so lu t ions  i s  s ignif icant ly  higher than predicted by the  Jenks  equations. T h e  J e n k s  equat ions  were 
derived for ail e s s e n t i a l l y  pure water-air sys tem,  while  the solut ions under quest.ion do not fit this 
ca tegoty . 

2, In the  b a s i c  borate  solution t h e  equilibrium concentrat ion of  radiolytic H 2  wolzld seem to b e  iower f.han 

i n  the c a s e  of t h e  b a s i c  borated thiosulfate  solut ion.  'I'he difference is very probably of no great in- 
port in  view of the  large W, overpressures  (vol  %) involved a t  the equilibrium state.  In both cases the 
El, overpressure  a t  equilibrium would probably be greater  than "-3  atm. 

3 ,  A t  a d o s e  of 2 :< 10' I and a gas/liquid ratio of 25, suf f ic ien t  radiolytic H, is generated to be of con- 

cern. 'The expec ted  g a s e o u s  H, concentrat ion un-der t h e s e  conditions would not  b e  less than -6 
VOl %. 

4. Al.1 t h e  tests carr ied out to d a t e  have been carr ied out  with "clean" solut ions,  In t h e  ac t -ud  c a ~ e  the  
pickup of impuri t ies  from the  reactor enviroiis could tend to cause t h e  zadiolysis  r e su l t s  to be worse 
than reported. 

G. Radiolytic Solids Generation 

Of t h e  two spray  so lu t ions  under considerat ion,  the  b a s i c  borated thiosulfate  is t h e  o n e  of major con- 

cern insofar  as radiolyt ic  solids generation is concerned.  Nei ther  the  NaOH nor the H,BO, present  can  

be considered to b e  a source  of such  solid:; e x c e p t  a s  they may  react with a n  external  ion. This is con- 

s idered highly unl ikely s i n c e  the formatiori of inso luble  cornpourids of ei ther  Na'  or B 0 3 3 -  is difficult. I t  

is, of course,  true t h a t  t h e  reaction of the b a s e  (NaOMj with meta ls  such a s  aluminum to form irisoluble 

hydroxides is poss ib le ,  but the u s e  of this metal  is very probably ruled out  on the b a s i s  of corrosion 

and/or 1-1 generation. Therefore the  ihiosul falx: js t h e  s o l e  remaining major s o u r c e  of s o l i d s  generation. 

If we cons ider  tha t  even i n  b a s i c  medium t h e  S , 0 3  '- probably undergoes radiolyt ic  reaction of the 

type 

2 S 2 0 3 2 -  i- 4 0 H  - 213 ---+ SH'-- i 3S03 , -  i- 3H" + M,O ~ 

we have  a possible source  of colloidal sulfur. 11 is known that the sulfide ion tllay react with O,, to give 

S o .  A p o s s i b l e  react ion mode is t h e  following: 

2s2- -i- 4H'+ 0, --+ 250 -: 2H20  . 
It has also been observed  that, when a solut ion of  SO3 '- nrld S 2 -  is made ac id ic ,  e lementa l  s u l f u r  re- 

sults: 

s(),32-- 2SZ- 6I.I+ 3 35' ' L 3H,0  . 
The th iosu l fa te  i t se l f  will,  of course, decompose under ac id  conditions: 

s,0,7- ---i so32.- .'- so . 
I-rowever, i t  should b e  pointed out that  i t  is s t a t e d  tha t  thiosulfate  can readily he  obtained by  boiling 

sulfur  with so lu t ions  of  sulf i tey ' '  so that under the  conditions of ltie postulated a c c i d e n t  the reaction to 

decompose S,O,?- to and S o  should b e  minimal .  

F. A. Culrorr and G. Wilkinson, .?dvarictid Iriorgtt t i ic Chemistry,  Iritersxience, 1966, 

____ 
5 5  
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T o b l e  5. Effect  of pH on Radio ly t ic  Sulfur Formation 

T e s t  solution: 1 wt  w~ N a 2 s 2 0 3 ,  3000 ppm boron, 1.0 N NaOM to  give des i red  pII 

4.9 

6.0 

8.0 

9.0 

9.6 

107 

1 

2 

6 

15 

30 

apH a s  measured before  radiat ion.  

bDose requlred to  bring about  v l s ib le  s u l f u r  formatlon. 

I t  is to be  noted that  a l l  of the above reac t ions  require an  ac id  solution to be of any consequence.  

Work carried out a t  t h e  

solution d o e s  resul t  i n  significant amounts of col loidal  sulfur. However, the b a s i c  borated thiosulfate  

solut ions s tudied demonstrate l i t t l e  or n o  radiolyt ic  sulfur formation. Table  5 g ives  t h e  resu l t s  of a s tudy 

carried out  to  determine the effect  of pI1 on the minimal d o s e  required to bring about  v i s ib le  sulfur forma- 

t i ~ n . ~ ’  A s  can b e  s e e n ,  the  required dose  i s  a funct ion of pfI, and a t  the m o r e  b a s i c  pM values  a n  ex- 

treiiiely high d o s e  i s  required before any vis ible  sulfur  appears .  T h e  data would ind ica te  that ,  if the  

spray solut ion is kept  bas ic ,  radiolytic sulfur should  be  no problem. T h e  only other  source  of so l ids  i s  

the precipitation of metal i o n s  as  the sulfide. I t  i s  known that  many metals  form inso luble  sulf ides .  Mow- 

ever, i t  n i g h t  aga in  b e  s t a t e d  that  such  metals  in  the main would necessar i ly  b e  excluded from the reactor 

environs because  o f  corrosion problems. Signif icant  work on the effect  that  construct ion mater ia ls  will 

have on the  solut ion s tab i l i ty  is now under way. 

in c a p s u l e s  h a s  shown that radiolysis of a n  a c i d  borated thiosulfate 

H. L o s s  of Reactivity from Radiolytic and Thermal 

T h e  l o s s  of react ivi ty  of the proposed s p r a y s  may b e  considered as  deriving from two main sources ,  

that  is, radiolytic and thermal degradation of the  spray.  Insofar  as  thermal degradation is concerned i t  

would seem tha t  t h e  b a s i c  borated spray should  b e  unaffected. I t  is s t a t e d 5 5  tha t  the  a lka l i  hydroxides 

can  be  sublimed unchanged a t  350 to 400°C. Therefore ,  s i n c e  th i s  is true,  i t  would seem unlikely that 

NaOH would be  thermally degraded. T h e  thiosulfate  so lu t ions  (acid and bas ic ) ,  however, are known to 

undergo some degree  of degradation, both autoxidation and reduction and a i r  oxidation, a t  higher  tenipera- 

lures. T h e  extent  to which th i s  might occur  i n  the spray  s i tuat ion h a s  been s tudied  and reported.” 

Figure 3 i s  reproduced from that  report. I t  shows very definitely that ac id ic  thiosulfate  is far  l e s s  ther- 

mally s t a b l e  than b a s i c  thiosulfate. T h e  data  reported ind ica te  that  b a s i c  thiosulfate  d o e s  thermally de- 

grade to some exten t  but that the  degradation t e n d s  toward a n  equilibrium s t a t e  a t  some fairly low percent 
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Fig. 3. N a 2 S 2 0 3  Stability vs Temperature .  

of degradation, 'The resu l t s  of t h i s  study show tha t  t h e  b a s i c  borated thiosulfate  spray  should he suffi- 

ciently thermally s t a b l e  to achieve  i t s  object ive.  

T h e  radiolyt ic  degradation of the ac id ic  and  b a s i c  thiosulfate  solut ions h a s  been previously re- 

ported. z6 In Fig. 4 a r e  given the resu l t s  of tha t  report. T h e  d a t a  indicate  tha t  the  b a s i c  thiosulfate  is 

more radiation r e s i s t a n t  than the ac id ic  thiosulfate .  

s u l f a t e  i s  destroyed,  while l e s s  than half of the  b a s i c  thiosulfate  undergoes radiolyt ic  degradation, Since 

it is considered t h a t  t h e  b a s i c  thiosulfate will be  present  in  a t  l e a s t  a tenfold e x c e s s  of what  will  be  re- 

quired to reac t  with the  I z ,  i t  i s  evident that  t h e  b a s i c  thiosulfate  will  be radiolytically s t a b l e  enough to 

carty out i t s  functioii. 

For a d o s e  of 10' r, essent ia l ip  all o f  the  acid thio- 

T h e  radiolyt ic  degradation of the b a s i c  borate spray  should be  miairnal. Nei ther  NaOH nor H3B03 is 

considered t o  b e  a c t i v e  toward t h e  radiolytic products  of water. 

T h e  combined e f f e c t s  of radiation and temperature on t h e  basic borated thiosulfate  spray  solut ion 

As can  be  s e e n ,  the thermal  and radiolytic have  been reported."' T h e  data  a r e  reproduced i n  Fig.  5. 

e f f e c t s  seem to be  e s s e n t i a l l y  additive. 

thennal and radiolyt ic  degradation s tudies ,  referred to previously, fall Iaitly c l o s e  to a c t u a l  experimental 

data. 

The  d a t a  poin ts  obtained from extrapolation of the s e p a r a t e  

I t  can be  concluded from the  da ta  presented that  both t h e  b a s i c  borate and the  b a s i c  tiorated thiosul- 

fate spray  would seem to b e  thermally and radiolyt.icnlly s t a b l e  enough for usage i n  the acc ident  case. 
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1. Radiolytic pH Change 

T h e  major pl-l c h a n g e s  (due  to t h e  radiolyt ic  e f fec ts )  noted thus far h a v e  occurred in  fhe ac id ic  

borated th iosu l fa te  solut ion.  

acid on radiolysis .  if t h e  reaction given previously for t h e  reaction of S , 0 , 2 -  with the  radiq!ysis 

products of water, 

However, even t h e  b a s i c  borated l:hiosu!fate solution d o e s  become more 

2S,O,'-' +- 4 0 H  i- 21-1 4 SIS- + 3S0,2- -i- 31-1' -i- I Q 2 0  , 

is valid, then i t  is apparent  that  the  radiolytic decomposition of S , 0 , 2 -  will resul t  in an i n c r e a s e  in  a c i d  

concentration. 

There  i s  no reason for believing that  the b a s i c  borate  solut ion wil l  become more a c i d  on irradiation 

except  for t h e  p o s s i b l e  radiolytic react ions involving atmospheric  0 2: 

OH -t 01-1- --a 0- + ti,O , 
a- + o2 --j 0,- . 

T h e  da ta  previously reportedz6 have indicated some smal l  lowering of the pH upon radiolysis .  There i s ,  

of course,  a l w a y s  the possibi l i ty  in  the real  c a s e  of some reaction between metal  ions present  and 01-1- 

to form inso luble  hydroxides. If th i s  does  occur ,  obviously the solution will become more acidic .  In any 

case i t  should  b e  s t a t e d  that  t h e  pH o f  t h e  spray  so lu t ion  must b e  monitored during t h e  acc ident .  If loss 

of bas ic i ty  d o e s  occur ,  addition of more NaOH should present  no major problem. 

While th i s  document d o e s  not presume to a n s w e r  a l l  of the quest ions concerr:ing spray  sys tems,  i t  is 

designed to answer  many quest ions of s ignif icant  importance to  the acceptance  of t h e s e  s y s t e m s  a s  re- 

l i ab le  engineered safeguards.  The problems d i s c u s s e d  apply mostly to the removal of I z  by sprays.  ']The 

conclusions a r e  t h o s e  of t h e  research s taff  involved in  the Spray and Pool Absorption Technology Program 

at ORNL and d o  not  necessar i ly  reflect the  opinion o f  industry or the regulatory branch of t h e  AEC. 

A. Reagent Requirements for a Design B a s i s  Accident 

'The reagent concentrat ion,  0.17 rnolc/liier i n  t h e  typical  reference case, i s  adequate  f o r  the  mifiga- 

fiori of t h c  accident .  T h e  solut ion contains  over  1800 t imes  as much NaOH a s  is required to react  wlth 

the total c o r e  inventory of iodine. Since othcr  f i ss ion  products will be released a i d  c o m e  in  contact with 

the spray solut ion,  a determination of th i s  effect  w a s  made. 

l e a s e  case assumed,  the  NaOlFI ava i lab lc  is 31 tunes  d s  much ds needed. 

For thc unreal is t ic  total  f i s s ion  product re- 

In the  case of the  th iosu l fa te  solut ion,  1700 t inips  a s  much reagent e x i s t s  a s  is required to react with 

the  total  c o r e  inventory o f  iodine. 
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uestion of Gas and Liquid F i l m  Resistance 

T h e  assumption of a gas-film-controlled model for I removal by the base-borate-thiosulfate solution 

i s  valid as  long as  t h e  iodine concentration in  the g a s  d o e s  not  exceed 9.9 g /m3;  the  reference case 

value i s  0.21 & m 3 .  T h e  c a s e  for the  base-borate solut ion i s  yet  to be  demonstrated. T h e  s p e e d  of reac- 

tions involved and the volatility of €101 may inf luence this .  

&. The Effect of Spray Drop Saturation on Removeal Eff iciency 

Assuming the  maximum rate  of transfer into the drop, we find that  a typical drop res idence  time of 10 

sec compares favorably with the  162 sec required to s a t u r a t e  the  drop. Therefore drop saturat ion with re- 

sul t ing d e c r e a s e  in removal effect iveness  should not b e  a problem. 

D. The Effec t  of Spray Drop Size 

T h e  pers i s tence  of very small, 1- to ?-p-diam, drops in the  containment a tmosphere d o e s  not consti- 

Only 3.7 x lo-’  of the  f iss ion product inventory would b e  airborne a s  spray “f ines” i f  tu te  a problem. 

the inventory w a s  assumed unifoimly mixed in  the  spray  solution. 

Spray di s t ri bu t i o n s  a r e  o f considerable  in te res t  . C a lc u la  tio n s indicate  that  p e  r fo rm a n c  e es t imates  

based on any mean diameter except  the  number mean, with the  additional assumption that  a l l  drops are 

mean s i z e ,  should  be  conservative. 

E, Scale-up from Nucicar S a f e t y  Pi lot P l a n t  and Conta inment  Systems Experiment 
to L a i g e  Pressurized Water Reactors 

P l a n t  design requires  the  ability to  s c a l e  resu l t s  up from smaller  experimental fac i l i t i es  to large 

PWR-size sys tems.  Two factors should be  considered in  th i s  question: (1) wall e f f e c t s  in  experimental 

faci l i t ies  and (2) drop coa lescence .  T h e  wall film ef fec t  will influence the data  obtained in  fac i l i t i es ,  

resul t ing i n  more rapid removal ia tes ,  I t  is sugges ted  that  as  long a s  the  theoret ical  models  used  to 

est imate  spray performance give conservat ive predict ions for NSPP and CSE, t h e s e  models b e  used  as a 

b a s i s  for system scale-up. Drop coa lescence  should not be  a major problem; ca lcu la t ions  ind ica te  the 

removal cons tan t  i s  reduced 10 to 20% by th is  effect .  

F. Radiolytic E f f e c t s  

T h e  quest ion of solut ion radiolysis producing hydrogen, so l ids ,  pH change,  and/or reduced iodine 

capacity i s  important. T h e  following points  should be  made. 

1. T h e  mathematical  treatment of the equat ions for pure water  by J e n k s  may not hold for thc  base-borate 
or base-bo ra t e-thio s ul  fa te  spray so lu tioris. 

2. T h e  equilibriurn Concentration of radiolytic I-I 
lu t ions i s  s ignif icant ly  higher than predicted by t h e  J e n k s   equation^.'^ 
c a s e s  would probably be greater than 

from both base-borate and base-borate-thiosulfate so- 
T h e  H 2  overpressure in both 

3 a h .  
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3. Slightly more H, generation may resul t  f rom t h e  ~)asf.-borate-thiosulfate solulion than t h e  base-borate 
solution. 

4, About 4 vol 74 gaseous W, is achieved a t  a dose o f  2 x l o 8  c fot a gas/liyuid rat.io of 25. 

5. The p r e s e n c e  of impurities may cause the rad io lys i s  resu l t s  in an ac tua l  “dirty” sys tem to be worse 
than the  “c lean”  solutioil t e s t s  conducted. 

6 .  Radiolyt-ic sulfur  should not b e  a problem i n  the base-borate-thiosulfate if the pFI is rllaintajned ?8.5. 

’7. Thermal degradation of base-borate-thiosulfate tends  toward a11 equi libriunl s t a t e  a t  s o m e  fairly low 
percent  of degradation. 

8. Acid-borate-thiosulf3te solution is not a c c e p t a b l e  as a spray solution b e c a u s e  of e x c e s s i v e  s o l i d s  
generation. 

9. Test resu l t s  of the  combined ef fec t  of radiation and temperature on t h e  base-borate-~hios~llfate and 
base-borate  s o f u t i o r ~ s  ind ica te  acceptab le  s tab i l i ty  under expected accideni conditions. 

10. The spray  solut ion pH should be monitored during the course o f  an accident .  

We present  Fig.  6 a s  a graphical summary of a DBA and the  relationship of the various acc ident  pa- 

ramelers with t h e  spray  system. T h e  containment bui lding temperature and pressure  are given from lo-’ 

to IOG sec. T h e s e  curves  do not apply to any  one p l a i t  but are composite curves  represent ing the worst 

condi t ions fur all of t h e  plant  acc idents  for the  majori1.y of P W K ’ s  now in t h e  var ious s t a g e s  of licensing. 

T h e  d o s e  to t h e  spray  solut ion is taken from Rancho S e w  docket  infi>rn~ation. ’’ 

dose: of ‘‘,lo8 r a d s  is accumulated by the spray so lu t ion  i n  ‘-94 days. T h e  value of 14 d a y s  is the  resul t  

of a conserva t ive  evaluat ion of the radiation dose rece ived  by t h e  solution. Detai led consideration of a 

particular plant  could result i n  increasing t h e  es t imated  t i m e  to accumu1at.e l o 8  rads to 100 days.  The 

T h i s  ind ica tes  that a 

Sacramr:nto Municipal  U t i l i t y  District  to  A.EC, Docket 50-312, April. 1468, available a t  A E C  Pliblic nocclment 5 i> 

Rcom. 
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percent of 3 1 1  shutdown inventory i s  a l s o  given to ind ica te  the  relationship of the  decaying  source  term. 

A s  s ta ted  previously, t h e  base-borate system is s t a b l e  under the accident  condi t ions predicted. The  data  

on the  thiosulfate  sys tem a r e  presented to show the  s e p a r a t e  and combined ef fec ts  of radiation and temper- 

ature on the iodine equiva lence  of the  system. T h e  data  show the acid-borate-thiosulfate equivalence 

dropping sharply with l e s s  than 10% equivalence remaining in 10 days. 2 6  T h e  major problem with th i s  

mixture of c o u r s e  is the e x c e s s i v e  s o l i d s  generation. T h e  base-borate-thiosulfate sys tem stabi l i ty  i s  

presented for the  s e p a r a t e  effect  of temperature*' (285°F for the duration of the  test) and radiat ion26 and 

the combined ef fec t  a t  temperatures of 185, 230, and 285°F.30 T h e  information presented in  Fig.  6 points 

out the base-borate-thiosulfate system iodine removal capabi l i ty  under DBA conditions. T h e  predicted 

building temperature history ind ica tes  temperatures l e s s  than 200°F i n  3 hr, level ing off a t  'Iv 150°F for 

long-term considerat ions.  'This is a s ignif icant ly  l e s s  des t ruc t ive  s i tuat ion than the  t e s t  resu l t s  shown, 

where the  so lu t ions  were maintained a t  the temperatures  of 185, 230, and 285'F for t h e  duration of the 

tes t .  

the ca lcu la ted  minimum equivalence value necessary  for removal of a l l  of the  iodine, 0.147%. 

Even under t h e s e  severe  conditions t h e  solutions are not degraded to  the  point tha t  they appioach 

At the present  time i t  i s  not possible  for the ORNL program to s ing le  out  o n e  solut ion a s  the  best. 

Either the base-borate  or  the  base-borate-thiosulfate solut ion can  be  used  if appropriate des ign  consider- 

a t ions a r e  made based  on the  information generated i n  th i s  and other  privately sponsored research pro- 

grams. 
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