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ABSTRACT 

Vessels containing zeolites and absorbed fission products from 

processing accident ger.eratea water at Three Mile Island through the 

Submerged Uemineralizer System �ere found to generate radiolytic hydrogen 

and oxygen gases. In some vessels with high curie contents, gas generation 

during shipment could have resulted in flammable gas concentrations 

exceed i n g federal l i m i ts for radioactive mater·ial sh1pments. Tests of a 

catalyst bed in the vessel demonstrated that recombination of the gases 
back jnto water wou]d permit safe shipment of the sealed vessels. Cata{yst 
was 1oaded into an available screen assembly in each vessel. Vessel 

pressure monitoring ensured that net gas generation had stopped and that 

hydrogen �nd oxygen concentrations were kept below flammable limits. All 

shipments complied with federal regulations. 
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DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi­
bility for the accuracy, comp!c;teness, or usefulness of any information, apparatus, product, or 
process disclosed, or repr�;5ents that its use would not infringe privately owned rights. Refer­
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or .otherwise does not necessarily constitute or imply its endorsement, recom­
mendation, or favoring by the United Stales Government or any agency thereof. The views 
and opinions of .:j.Uthors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof . 
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FOREWORD 

GEND-035 i s  a report of the combi ned Waste Immobi l i zat i on Program 

efforts of General Publi c Ut i li t i es Nuclear Corporat i on , Rockwell Hanford 

Operat i ons,  and EG&G Idaho, Inc. , for the U. S. Department of Energy. For 

readabi li ty of data , the authors used the U. S. Cus tomary and Bri t i sh 

Imperi al systems of un i ts and the Internat i onal Sys tem of Un i ts where 

appli cable • 
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SUBMERGE D DE M I NE RALI ZE R SYSTEM VE SSE L SHI PME NT  RE P ORT 

I NTRODUCT ION  

The Submerged Demi ner al i zer System ( SuS) w as con s tructed at Three M i l e  

I s l an d  Un i t  2 ( TM I -2 ) to  process the acci dent generated water and remove  

r ad i onucl i des , pr i nci pal ly ces i um and s tront i um.  The sys tem operates on  an 

i on exch ange proc2ss that uses as i ts acti v e  ingred i ents  i norgani c zeo l i te 

mo l ecu l ar s i eve med i a . Rad i oact i v i ty load i ngs on the expended zeo l i te wer e 

gener al �y much h i gher th an those for organi c i on ex�h ange was tes generated 

at normal commerci al nucl ear power p l ants . 

After the s tart of SDS process i ng i n  June 1981 , the expended SDS 

zeo l i te vesse l s  were to be s h i pped to Rich l an d ,  WA. for use  1s tes t 

mater i al s  i n  U . S. Department of E n ergy ( DOE ) waste immob i l i zat i o n  r�search 

and devel opment ( R&D) progr ams . However , before the vesse l s  coul d be 

sh i pped to the DOE nat i onal labor ator i e s  for study, rad i olyt i c g as 

production in the vessels had to be characterized and quantified. In some 

vesse l s ,  H
2 

an d 0
2 

gases from rad i o lyt i c decomposi t i on of water were 

be i ng gener ated at r ates th at cou l d  h ave reach2d fl ammab l e  gas 

concentrat i on s  dur i n� shipment . Federal Regul at i o n  49 CFR 173.21 proh i b i t s 

s h i pment of r ad i o act i ve mater i al wh ich contai ns f l ammab l e  g ases . 

Th i s  report des cr i bes the successfu l approach used to ens ure s afe 

s h i pment of the SDS vesse l s  i n  compl i an ce w i th government regu l at i on s .  

Speci f i cal ly , a cat al ys t  was i nserted i n to each se  l ed vesse l  t o  recomb i n e  

the rad i o l yt i c gases b ack i nto water (see Fi gure 1). The vesse l s  were 

v acuum dr i ed 1 enh an ce catal yst system performan ce . Th i s  report des cr i be s  

the  tes t i ng methods Gener al P ub l i c  Ut i l i t i es Nucl e ar Corpor at i on (GPU  

Nuclear ) used  to determi ne gas generat i on rates , DOE laboratory tes t i ng of  

catalyst performance, the TMI demonstration of catalytic recombination in a 
rad i oact i ve vesse l ,  demons trat i on of the  vacuum dryi n g  sys tem and cat al ys t  

i nsert i on too l ,  prepar at i on s  for s ubsequent s h i pments , and DOE R&D progr ams . 

! 
l 
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(Diffusion Of Water V�por From 
Catalyst Bed To Cold Surfaces) 

SDS Vessel 

(Diffusion Cf H2 and 02 
Gasses To Catalyst Bed) 

Zeolite Containing Cesium, 
Strontium And Residual Water -
(Radiolytic Decomposition 
Of H20 Into H2 And 02 Gasses) 

F i gure 1 .  Diffus i on recombi ner system used to convert hydrogen and 
oxygen gas es to water v apor i n  SOS ves sels. 
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SDS LINER GENERATION 

SDS Operat i on s  

The SDS started process i n g  water i n  Jun e  1981 an d h as s i nce  processed  

t he water that was in  the  Reactor Bu i lding basemen t, the  pr i mary reactor 

coolan t system, and several m i scellaneous tanks . 1 The SDS water 

process i n g  operat i on wi ll con t i nue through defueli n g  and f i nal 

decontami nat i on of the fac i l i ty .  The SDS vessels contai n an i norgan i c  i or 

adsorpt i on med i um (demi nerali zer) called zeoli te and are s ubmerged i n  the 

TJvii-2 s pent fuel pool for rad i at i on sh i eldi ng, hence the name 11Submerged 

Demi nerali zer System11 (see Fi gure 2). The sys tem pumps rad i oact i ve water 

through the zeolite  beds i n  the  vessels , leavi n g  the  rad i oact i ve 

contami nants, predom i n antly 137cs and 90sr, bound i n  the structure of 

the zeoli tes . Each vessel was loaded w ith  about 8 ft3 (227 L) of a 

m i xture of two types of zeoli tes--Linde IE-95 and L i nde A-51, chosen for 

the i r  aff i n i t i es for ces i um and stron t i um .  

I -

Between June  1981 and May 1983, the SDS proces sed or reprocessed more 

than 2,000,000 gal (7. 6  x 106 L) of acc i dent generated water contami nated 

w i t h  364,000 Ci  of ces i um and stron t i um--694,000 Ci  w i t h  daughter 

products . (Unless  otherwi se n oted, the u s e  of Ci i n  th i s  document w i ll 

i nd i cate cur i es of :es i um an d stront i um wi thout the i r  daughter products . )  

Th ese operati ons  res ulted i n  the generat i on of 13 expended zeoli te 

vessels . The cur i e  loadi ngs of these SDS ves s els are shown i n  Table 1 .  

Th ese c ur i e  loadi ngs were determi ned by analys i s  of s amples of SDS ves sel 

i nfluent and effluent . The accuracy of  these values  depend s  on sampl i n g  

f requency and the accuracy of the analys i s  but are cons i dered to be very 

good. The values  shown i n  Table 1 are the result of the calculati on s  and 

were not  rounded to appropr i ate s i gn i f i cant f i gures. 

3 
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TABLE 1 .  CUR I E  CON TE NT O F  SDS L I NERS  

Cs Sr Total with Daughters 
Vess e'l ( c i ) (Ci ) ( c i ) --

010011 44,317 2,061 88' 158 
010012 57,176 2,003 112,635 
010013 49,281 1,974 97,151 

010014 28,534 2,585 599761 
010015 5, 767 1,012 12,896 
010016 57' 156 1,869 112,622 

0 1 00 1 7 30,312 1,021 59,542 
010018 2,451 309 5,273 
020022 2,599 1 '006 7' 198 

020026 4,036 1,343 9,692 
020027 7,084 8,124 

' 

29,732 
IJ20028 43,333 l ,660 86,334 
020029 2' 12 7 4,863 12,705 

Total s 334,173 29,830 693,699 
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Vesse l  Descr i pt i o n  

The SDS vesse l s  are 4 ft , 5- l /2 i n .  ( 1 . 36 m )  h i gh ,  h ave  a 

2 -ft (0 61-m ) outs i de di ameter , and  h ave 3/8- i n .  (9 . 5-mm) th i ck wal ls made 

of  3 1 6L sta i n l es s  steel  ( see Fi gure 3 ) .  E ach h as an i n terna l  vo l ume o f  

a pproximately 1 0  ft3 ( 271 L). The v es se l s were des i gned to w i th stand 

3 50 ps i g  ( 2400 kPa)  at 400°F ( 204°C )  an d wer� hydrostati call y  tested to  

5 30 p s i g (3700 kP a ) . 

E ach vesse l  is equ i pped wi th f i v e  nozzles on the upper head . Two are 

zeol ite f i l l  ports , 3 i n . ( 76 mm) i n  di ameter an d c l osed w i th standard ,  

b l i n d  fl anges th at are gasketed  a nd  bo l ted on . The other three noz z les are 

f l ow noz z l es , 1.5 i n .  ( 38 mm) i n  di ameter and f i tted w i th the male h alf of 

a qui ck di sconnect coup l i n g  ( Hansen w i th bu i l t- i n  check v a l ve ) . 

One b l i n d  f l ange i s  dr i l l ed and tapped for a 0 . 2 5-i n .  (6-mm) vent hos e 

c onnect i on .  A Johnson screen i s  wel ded to the i nn er s i de of the  t apped 

b l i nd f l ange to mi nimi ze the amount of zeoli te f i n es enter i n g  the vent li ne . 

The water in l et nozzle i s  a short p i pe n i pp l e  38 mm i n  di ameter 

extendi ng  down from the q u i ck di sconnect coup l i n g to  an i n l et spray header 

i n  the vesse l . The spray header h as four spray out l ets to  ens ure, dur i n g  

the downflow proces s , an even water di s tr i bu t i on across  t h e  t op  of  the 
., 

z eal i te bed.  

The water out l et l i n e ,  wh i ch draws from the bottom of the vessel, 
• 

cons i sts  of three , 38-mm-di ameter p i pe segments , two of wh i ch are s trai gh t 

p i eces of s ta i n l es s  s teel  p i pe connected by a 24- i n . (0 . 6 1 -m )  l on g  f l exi bie 

hose of  convo l uted stai n l es s  stee l . The f l ex i b le por t i on all ows for 

t herma l differentia l  expan s i on of the vesse l  components . The lower p i pe 

segment  extends up  from near the bottom of the ves s e l  and i s  bevel  cut on  

the  end  to a l l ow water to  f l ow up i nto the p i pe .  The bvttom end of the  

p i pe is screened  for zeol ite retent i on .  The  p i pe comes up  through a hole 

in the screen to join w i th the hose.  The hose attaches to the u pper p i pe 

segment , wh i ch extends up  through the top of the ves s e l  to the qu i ck 

di sconnect coup l in g .  

6 
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F i gure 3. SDS vessel . 
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The ven t  nozzle i s  a short, 38-mm-·d i ameter pi pe n i pple extendi n g  up 

through the top of the vessel A 3- i n .  {76-mm) d i ameter Johnson screen i s  

welded around the p i pe i ns i de th e vessel to retai n zeoli te f i nes . The 

i nternal volume of the Johnson screen and pi pe below the coupli n g  i s  

approxi mately 14 i n . 3 ( 229 cm3). 

Zeoli te Di spos i t ion Research and Development Programs 

F ollowi n g  decontami nat ion of TMI-2 acci dent generated water, SDS 

vessels contai n i n g  expended, hi ghly rad i oacti ve zeoli tes remai ned. Through 
a l�emorandum of Understan d i n g  (MOU) between DOE an d  the U . S .  Nuclear 

Regulatory Commi s s i on (NRC), DOE accepted thes e ves sels to conduct a waste 

i mmobi l izati on research and development  (R&D) program by wh i ch i t  would 

generate i nformati on useful to �he nuclear i ndustry. 2 Spec i f i cally, th e 

DOE R&D program was to demon strate two waste i mmobi li zati on 

alternat i ves: vi tr i f i cat ion of SDS zeoli tes and mon i tored retr i evable 

bur i al of SDS ves sels i n  spec i al concrete overpacks . 

Sh i pp i n g  

Under th e terms of the MOU, DOE assumed custody o f  the SDS vessels 

upon the i r  removal from TMI. GPU Nuclear was respons i ble for prepar i ng the 

vessels for shipment i n  accordance wi th DOE, NRC, and U . S .  Department of  

Tr an sportati on (DOT) regulati ons  and addi ti onal DOE requi rements to 

fac i li tate the R&D program. EG&G Idaho, Inc . was respons i ble for sh i pping  

tne vessels in  accoraance w i th DOE reg�lati on s .  DOT regulati ons  proh i b i t  

shi pment o f  rad i oacti ve mater i al generati n g  flammable gas mi xtures . 3 

Th erefore, the concentrati on of e i ther hydrogen or oxygen (generated 

radiolyti cally i n  the SOS vessels) was requi red to remai n below i ts lower 

l i m i t  of flammab i l i ty dur i n g  sh i pment .  Hydrogen concentrations  h ad to be 

les s than 4 . 1% by volume at standard temperature and pres sure (STP)--or 

less th an 0 . 0018 gram moles/L of hydrogen; or oxygen concentrati ons h ad to 

be les s  than 5% by volume at STP--less  than 0 . 0022 gram moles/L of oxygen . 

8 



Both DOE and the NRC requ i red comp l i ance wi th these DOT regu l ati ons .  

Th e Safety Assessmen t  Documen t  ( SAD} for SDS vesse l sh i pmen ts req u i red that  

gas  concen trati on s i n  the vesse l s rema i n nonfl ammab l e  for a peri od tw i c e  

t h e  expected sh i pmen t time .4 The SAD requ i red tests and measuremen ts to 

ver i fy that  th i s  cond i ti on wou l d be met.  S imi l ar l y ,  the NRC i ssued  a 

Certi fi cate of Compli ance (COC #USA/9 1 52/B ( ) )  for the SDS sh i pp i n g  c ask 

( CNS  l - 1 3C )  wi th the sa�e f l ammab l e  gas spec i f i cati on .  

EG&G I daho found  no  poten ti a l  aaverse env i ronmen tal effects i n  i ts 

evaluation of SOS vessel transportation.
5 

Also, a risk assessment 

prepared by Batte l l e  P ac i f i c  Northwest Laboratory conc l uded that the SVS 

vesse l sh i pments "from TM I to R i ch l and , WA , by truck can be  conducted at an 

i n si gn ifi can t l eve l  of r i sk to the pub l i c . "6 
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SDS L I NE R RAD IOL YTIC GASE S 

Gas Generat i on Rates  

E arl y i n  the  desi gn of the  SDS  vesse l s, eng i neer s recogn i zed that  the 

product i on of gases due to r ad i o l yt i c  deco�;osi t i on of water i n  the vesse l s 

wou l d  present safety concern s  dur i n g  i n-p l ant storage . To p�even t the 

b u i l dup  of  gases, a ven t  system was i ncorporated i nto the vesse l desi gn . 

Th i s  ven t system con si sted of a va l ved f l ex i b l e  meta l  hose attached to  each 

vesse l . After an expended vesse l was removed from serv i ce ,  the vent hose 

was unco i l ed and attached to a vent header i n  the SDS off gas system (see 

F i gure 4 ) .  The off gas syste� prov i ded suffi ci ent d i l ut i on f l ow to preven t  

a f l ammab l e  gas mi xture from accumu l at i n g .  The vesse l and vent system were 

capab l e  of conta i n i n g any H2 combust i on react i on s  i n i t i ated �t pressures 

of up to  10 psi g (69 kP a ) . 

However, there was not enough i nformat i on to  conf i dent ly  pred i ct the 

gas generat i on rate or resu l t i n g  composi t i on and pressure i n  a sea l ed 

v esse l dur i ng sh i ppi n g .  Therefore, a program wa s  i n i t i ated to character i ze 

the gas generati on  i n  the SDS vesse l s .  As a p art of th i s  program, a gas 

sampl i n g  system was i n sta l l ed i n  th e TMI -2  Fuel  Hand l i n g  Bu i l d i n g  besi de 

the SDS . Th i s  system consi sted of a pressure gauge and sampl e  cyl i nder 

i nsta l l ed between the vesse l vent hose and the SDS off gas system ( see 

F i gure 5 ) .  The sampl e cyl i nder was ana l yzed usi n g  the p l ant gas 

chromatograph to measure the gas composi t i on of the evo l ved g ases. The 

h i ghest and l owest cur i e  l oaded vessels avai l ab l e  at the t i me were sel ected 

for i n i t i a l gas generat i on test i n g .  Severa l  vesse l s were tested in 

nondewatered and dewatered states. The dewatered state i s  ach i eved by 

p ressur i z i n9 the vesse l w i th n i troge� gas through the i n l et nozz l e  to force 

the water through the out l et nozz l e .  After the vess�l was connected to  the 

g as samp l i n g  system, the gas pressure r i se and the v o i d vo l ume for the 

vesse l  were determ i ned . Per i od i c samp l es drawn through the sampl e  cyl i nder 

were u sed to  determ i ne  the gas composi t i on .  F i gure 6 shows the gas 

generat i on rate i n  cc per hour versus the vesse l cur i e  content ( cur i es of 

10 

I 
. I 



-
-

• 

Expended vessels in storage 

/
Storage racks 

Flexible hose · 

Vessel connection details 

INEL 4 4293 

I I I 
I o I 

6-1 stations 
----------------- ------------------- -----�·-

1-in.-diameter vent header ( at pool curQ) 

To off gas system 

F i gure 4 .  SDS vess e l  vent system .  The f l ex i b l e  hose  i s  a l /4-i n .  i n s i de 
a i ameter (nomi n a l ) s ta i n l ess  s tee l corrugated hose; the 
max imum pres sure rat i n g  i s  1400 ps i .  



_. 
N 

SDS vessel vent 
valve 

Gases from SDS 
vessel 

To off gas 
vent header 

Bypass valve 

Fi gure 5 .  SDS gas sampli n g  apparatus . 

Sample cylinder 
outlet valve 

INEL 4 4294 



.r. 
0 
(.) 

700 

• 010011 
0 010012 
.. 010013 
� 010015 
• 010016 
0 020028 

400 

300 

200 
/ 

/ / 
,. 

,. / 
,. 

/. 
10 20 

// 
/ / 

/ 
/ 

/ 
/ / 

30 

, 

40 

Ci of Cs & Sr x 10
3 

0 

50 50 70 
INEL4 4300 

F i gure 6. Tota l  . :..t gas generat i on rate versus cur i es of ces i um an d 
s tronti um. The rad i o l ytic gas generati on rate i s  h i gher. 
The H2 to 02 rat i os are greater than 2 .  Some 02 is 
bei ng depletea (see Tabl e A-1) . 

13 



I I ' ' I �� • � � • . -, 
. • . '"I � - • r 

• ,.,:• - • • ' 

___ . -----.- - ----........---- ..... ::. -, - , ' / . •  ; �- -- .· . · ,. -� ' .:  � 

. 
-

. _ - ? .. 
·,£ 

cesi um and stront i um ) for si x SDS vesse l s. F i gure 7 shows the gas  

g enerat i on rate per cur i e  of  cesi um and  stron t i um ver su s  the water vo l ume 

l eft i n  the vesse l for six SDS vesse l s. A summary of th i s  gas generati on  

d ata tak en at TMI i s  presented i n  Appendi x  A .  

The fol l ow i n g  observat ions  were drawn as  a resu l t  of  the  data 

c o l l ection program: 

o The gas generat i on rate was proport i on a l  to the cur i e  l oad i ng  and 

was approx imate l y  0 . 0 1  cc/h-C i .  

o The gas generat i on rate per curie  was approx i mately proport i ona l  

to the  amount of water remai n i ng i n  the  vesse l  for the  range from 

2 .8 to 5 . 2  ft3 of water . 

o The gas generati on rate showed no  si gn of decreasi ng w i th 

i ncreasi n g  gas pressure . No approach toward  equ i l i br i um was 

observed . 

o Sto i ch i ometr i c  gas m i xtures d i d  n ot immed i atel y  evo l ve i n  the 

vesse l s. The hydrogen/oxygen rat i o  of the resu l t i n g  gas mi xture 

was h i gher than sto i ch i ometr i c  ( see Tab l e  A-1 ) b ut approach i ng 

sto i ch i ometr i c  wi th t i me .  ( Oxygen was be i n g  adsorbed or 

c hemi ca l l y  bound to other e l ements i n  the system. ) 

The gas generati on  rates i n  SDS vesse l s l oaded w i th more than 

1 5 , 000 C i , i nc l ud i n g  daughter products, were suffi c i en t  to  resu lt i n  

f l ammab l e  gas mi xtures by the end of the 1 4-day test i ng per i od (doub l e  the 

a ssumed sh i pp i n g  per i od of seven days) . S i nce Department of Transportati on 

( DOT ) regu l at i on s  proh i b i t sh i pment of  radi oact i v e  mater i a l s  w i th fl ammabl e  

g ases, a means for suppressi ng  gas accumu l at i on dur i n g  transport was 

requ i re d  before the more h i gh l y  l oaded {greater than 15 , 000 Ci , i nc l u d i n g 

daugh ter products) v esse l s  cou l d  be sh i pped . 

14 
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DOE Task Force for SDS Vesse l Sh i pp i n g  

The generati on rate o f  the radio lyt i c g ases i n  the S D S  vesse l s 

prompted a ser i es of meet i n gs to deve l op the approach that wou l d  ensure 

safe shipments. At the f i r s t  meeti ng ,  experts  from v ar i ous  DOE 

l aborctor i es ,  pr i v ate con s u l tants, and representative: of �&G I daho and 

GPU Nuc�ear convened at TM I to d i scuss the conf i gurati on of the SDS 

v esse l s, gas gener at i on r ates, and gas composi t i on resu l t$ for these 

vesse l s. The current DOF, NRC, and DOT sh i pp i n g  regu l at i on s  a l so were 

rev i ewed . he fo l l o�i n g  l i st of methods to consi der for prepar i ng vesse l s 

for safe sh i pmen t was generated dur i n g  th i s  meet i ng :  

o Shipp i ng the vesse l s  i n  cask s  of suff i c i ent  vo l ume to  safe l y  

di l ute the generated gases 

o Se l f  dryi ng  by r ad i o l ysi s, wh i ch wou l d  probab l y  requ i re e i ght  

years to reduce the water content to a l eve l  consi dered safe for 

sh i pp i n g  

o P urg i n g  or e l ut i on dryi n g, u si n g  warm, dry gases such  as  N
2 

or 

co2 

o Suppressi n g  radi o l ysi s i n  a water-f i l l ed SDS vessel by adjusti ng 

the water to  an  a l k a l i n e  pH by the add i ti on of  ammon i a  or hydrogen 

o V acuum dryi n g ,  w i th the assi stance of the sel f  h ea ti ng  that  

accompan i es radi oact i ve decay 

o Usi n g  a catalyst for gas recomb i n at i on ,  a l ong w i th v acuum dryi n g .  

The consensu s  o f  the meeti n g  attendants  was that mi xtures o f  H
2 

and 

o2 gases  from rad i o lyt i c  dec�mposi t i on of  resi dua l  water i n  SDS vessels 

c ou l d  be contro l l ed at n onf l ammab l e  l eve l s by usi n g  catalyt i c  g as 

recomb i n ers. The cata lyst recommended for gas recomb i n at i on test i n g  was  

c ommerci a l l y  ava i l ab l e  pa l l ad i um-coated porous a l um i n a  pe l l ets.  The 



i 

cata l yst pel l ets were to be i ntroduced i nto the SDS vessel by e i ther of two 

means. The preferred method was to l oad the catal yst i nto the Joh n son 

screen cup through the qu i ck d i sconnect coupli n g  on the vessel •s ven t 

n ozz l e .  The a l ternati ve was to i nsert a c atalyst bed through one of the 

76-mm f l anged f i l l  ports. ( Appen d i x  B l i sts alternati ves for prepar i n g  SDS 

v esse l s for sh i pmen t. ) 
• 

DOE supported the catal yst testi n g  and prov i ded a v acuum dryi n g  system 

for prepar i n g  the vessels for sh i pment to DOE l aborator i es. V acuum dryi n g  

was requ i red to en sure remov a l  of the free stand i n g  water wh i ch could wet 

and thereby deacti vate the catalyst i f ,  i n  the even t of a sh i pp i n g  

acc i den t, the l i ner were turned upsi de down . V acuum dryi n g  also was 

expected to reduce the gas generati on rate by remov i n g  water ava i lab l e  for 
• 

r ad i o l ysi s. Sh i pp i n g  w i th a v acuum i n  the vessel was recommended to 

enhance d i ffusi on of H2 and o2 to the catalyst bed and d i ffusi o n  of 

water v apor from the bed . 

j 
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VACUUM D�Y I NG AND CATALYST RE COMB I NE R  TESTING  

kockwe l l  Hanford Operat i on s  (Rockwe l l ) , a DOE contractor ,  tested the  

processes of v acuum dryi n g  and  cata lyt i c  recomb i nat i on of  hydrogen and 

o xygen . The tests s imu l ated pert i nent transport cond i t i ons--n c·rma.,, 

abnormal , and acc i dent-re l ated - -that could occur dur i n g  actua l  s h i pment . 

Th ese tests were performed at  the Hanford si te  u s i ng a nonr3di oact i ve SDS 

ves se l . 

S i mu l ated Transport Cond i ti on s  

Norma l Shi pping Condi t i on s  

The SDS vesse l s wou l d  b e  evacuated ( so  that o n l y  the gases  bei ng 

generated remai ned ) and sea l ed for sh i pmen t .  Press ure i ns i de the  SDS 

v esse l  wou l d  be the equ i l i br i um press ure  of the gener ated gases p l us the 

v apor pressure of water at the v es se l  shel l temperature . A set  of  

r ecomb i ner tests was  conducted w i th the  vesse l  i n i t i a l l y  evacuated to  the  

vapor pressure of water . The cr i ter i on for a successfu l test was an i n s i de 

v es se l  press ure that d i d  n ot exceed 2 1  k P a  for 40 h .  At 2 1  k P a ,  i f  a burn 

of s to i ch i ometr i c  gas ( 67 %  hydrogen and 33% oxygen ) occurred i n  the SDS 

v esse l , the res u l t i ng peak pressure wou l d  be l es s  than one atmosphere . 

Ab�orma l Cond i t i on s  

The SDS vesse l s were tested u nder the fol l ow i n g  two abnorma l  

cond i t i ons :  

1 .  Ves se l  l eak age:  If  the SDS vesse l  deve l ops a l eak , permi tti n g  

gas t o  enter the vesse l , but the sh i pp i n g  cask  rema i n s  sea l ed , 

the ves se l  and sh i pp i n g  cask  wou l d  reach an equ i l i br i um pressure 

of  about one-ha l f  atmosphere . The cr i ter i on for a s uccessfu l 

test  was a press ure r i se of l es s  than 2 .8 k P a  for 40 h ,  s t art i n g  

at  one-h a l f atmosphere . 
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2 .  Ves sel and cask l eakage: I f  th e sh i pp i n g  cask and SDS ves s e l  

both l eak , a i r  w i l l  ent er the  v es s el , a n d  the  pres s ure  i n s i de the 

v es s el w i l l  r i se to on e atmosphere. Gas produced ins i de th e 

v es s el cou l d  escape the v es s el and s h i pping  cask . Hydrogen 

accumu l at i on i n  the v es s el shou l d be  l es s  than 4%. A s er i es of  

tests  s tart i ng a t  o ne  atmosphere was con s i dered s ucces sfu l  i f  the  

hydrogen concentrat i on i n  any gas  vented from the ves s el 

conta i n ed l es s  than 2% hydrogen dur i n g  a 40-h test  per i od .  

Acc i dent Cond i t i on s  

Th e SUS ves s el s were  t ested under the fo l l ow i ng three acc i den t  

cond i t i on s :  

1 .  I n verted sh i pp i n g  cask : Dur i n g  a transport acciden t ,  t he  SDS 

ves sel i n  i t s  sh i pp i n g  cask cou l d  be  turned ups i de down . Th e 

r ecombi n er wou l d  be  s urrounded by a b ed of z eol ite- -a  s i gn i f i cant 

barr i er to d i ffus i on of hydrogen and oxygen to  the cata l ys t .  For 

th i s  tes t ,  the SDS ves s el remai ned s ea l ed at  the vapor pres s ur e  

o f  wat er .  The criter i on for a s uccessfu l t es t  was a v es s el 

p ressure  of l es s  than 2 1  k Pa  for 40 h .  

2 .  I nverted sh i ppin g  cask w i th ves s el and ca s k  l eakage:  Th e assumed 

cond i t i on s  or i g i n al ly  were  to h ave  b een s h i pp i n g  �as k  inv ers i on 

and SDS ves s el l eakage. But becaus e th e atmospheric pres s ure  

t est  i s  a more s tringent tes t ,  the cask  was a l so  ass umed to leak 

rath er than to r each an equil ibr i um pres s ur e  of one-ha l f 

atmosph er e. Therefore, the  SDS v es s el was v ented durin g  the  

t est . Th e t est  was considered succes sfu l if gas v en ted from th e 

v es s el h ad a hydrogen concen tration of l es s  than 2% during  a 40-h 

tes t  period . 

3 .  I n verted s h i pp i ng c ask  with v es s el of wet z eol ite: The i nv erted 

tes t  at atmospher i c  pres s ur e  was rep eated b ut  with v ery wet 

z eo l ite. On l y  a minimal amount of water was r emoved by v acuum 
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dryin g i t  from the zeol i te after the vesse l  was dri p dr i ed w i th 

n i trogen gas . The cr i ter i on for a s uccessfu l test rema i ned the 

same as for the prev i ous test . 

V acuum Dryi n g  

Test  Object i v e  

A s eries o f  tests was conducted to determi ne the effecti veness  of 

remov i n g  water by vacuum dry ing  the zeol i te bed . The tests were performed 

on  a nonradi oact i ve SDS vesse l  conta i n i ng a z eo l i te bed at room temperature 

and two 150-W heaters to s i mu l ate radi oact i ve decay heat . Two exi st i n g  

connect i ons , 38 mm and 6 mm i n  d i ameter , o n  the SDS vessel  were connected 

to the vacuum system to be tested to determ ine  the water remova l  rate for 

each connecti on s i z e .  Zeo l i te conta i n s  apprec i ab l e  amounts of bound 

water . The res i dua l  water conten t ,  both bound and unbound ,  was quanti f i e d  

as  a funct i on o f  vacuum dry i ng  t i me .  

E xper iment 

The SDS vesse l  l oaded w i th zeo l i te was mounted on  a 3300-kg  p l atform 

scal e .  Water was added to comp l ete ly  f i l l  the  vesse l  and was l eft to stan d  

overn i gh t  t o  s aturate t h e  z eo l i te .  The vessel  was dewatered by add i ng 

n i trogen gas through vent port C to force water out through dra i n  port B 

( see Fi gure 8 ) .  The n i trogen was app l i ed unt i l the 2-m3 n i trogen bott l e 

was exhausted, a� is done accord i ng  to the procedure used at TMI . 

The vacuum was connected to the 6-mm f l ex  vent hose , wh i ch was 

a ttached to one of the 76-mm fl anges on top of the SDS vesse l . W i th the 

vacuum connected , the mass of the SDS vessel and press ure  i n s i de the vessel  

were r ecorded as funct i on s  of  t ime . 

The v esse l was aga i n  fi l l ed w i th water and dewatered u s i n g  n i trogen 

g as . The ves se l  was con nected to  the vacuum system w i th a 38-mm-di ameter , 

12-m-lon g  p i pe .  Mas s  and pressure as funct i on s  of t i me were agai n  recorded . 
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Radi oact i ve  decay h eat was s imu l ated wi th two 1 50-W res i s tance  heaters 

mounted i n  the 76-mm f l anged ports . The heaters h ad an act i ve l en gth o f  

3 0  i n .  ( 762 mm ) , a 0 . 63- i n .  ( 1 6-mm ) di ameter , and extended near l y  t h e  full 

d epth of the zeo l i te bed . Thermocoup l es were added at v ar i ous l ocat i on s  i n 

the  zeo l i te bed and on the externa l  vesse l �he l l. Vesse l  mas s , press ure , 

and  temperature were recorded as functi ons of  t ime . 

Test Resu l ts 

Test  1 (6-mm Vent  L i ne ) . Res u l ts of the vacuum dryi ng  test u s i n g  the  

6-mm vent  l i n e  are shown in  F i gure 9 .  The  SDS  v es se l  was  at amb i ent 

temperature dur i n g  t h i s  tes t.  Water removal r ate was 3 l b  ( 1 . 4 k g ) per day 

over the  s i x  days of  the test . Pressure i n  the ves se l  rema i ned  con stan t at 

the vapor pressure of water . Th i s  removal  rate wa3 too s l ow ,  as expected , 

and the test was term i nated . 

Tes t 2 ( 38-mm Vacuum L i ne  Wi thout Heat ) . F i gure 1 0  presents the 

resu l ts of vacuum dryi n g  the SDS vesse l  through a 38-mm-d i ameter p i pe ,  12 m 

l ong--the  approx i mate d i stance between the SDS vessels and vacuum system at 

TMI-2 .  No heaters were used; the vesse l  was at amb i en t  temperature . The 

p ress ure sp i kes s hown i n  F i gure 1 0  were due to mechan i cal prob lems w i th the  

vacuum pump . L i n e  res i s tance to f l ow was no  longer the contro l l i n g  factor , 

as ev i denced by the decrease i n  pressure shown i n  F i gure 1 0  as compared to 

pressure shown i n  Fi gure 9 .  Water remova l  was h i n dered as the vessel and 

i ts contents were s ubcoo l ed by the rap i d evaporat i on process . The test 

vesse l  was not s ubmerged i n  water--as i s  the case at TMI --so  heat trar - r 

t o  the vesse l  was reduced . Temperatures measured i ns i de the zeoli te bed 

were be l ow 0°C near the end of the dry i ng  per i od .  However , even under 

t hese  condi t i on s ,  three t i mes more water was removed through the 38-mm p i pe 

than through the 6-mm vent l i ne  i n  a 1 60-h per i od . 

Test 3 ( 38-mm V acuum L i ne  W i th Heat ) . The fi n al v acuum dryi n g  test 

was done us i n g  the 38-mm l i ne connect i on to the vacuum system and two 

1 50-W h eaters i nsta l l ed i n  the  vesse l . Res u l ts are shown i n  F i gure 1 1 .  
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The heat great l y  i ncreased the rate o f  water remova l . The part i a l pressure 

of water over the zeo l i te was  i ncreased because the h eaters ra i sed the 

temperature of the zeol i te .  The peak temperature near the c�nter o f  the 

z eo l i te bed was 350°C wh i l e  th e l owest temperature , at the edge o f  the bed , 

was 2 7 °C .  Th i s  i ncreased the water remova l  rate for any g i ven  pres sure i n  
• 

t he  vesse l  as can be seen by compari ng  ci gures 10 and 11 .  Approxi mate l y  

50% o f  the bound water and a l l o f  the unboun d  water was removed w i th 

19 days of vacuum dryi n g .  After the dry ing  test ,  s amp l es taken from the 

zeo l i te were ana l yzed and found to conta i n  8 . 7% water , dry bas i s .  Water 

content was determi ned by we i ght  l oss  upon heati n g  to 500°C . 

Us i n g  steady state heat transfer cal cu l ati ons  and the HEATING 5 

c omputer code , the thermal conduct i v i ty of  the re l ati ve ly  dry zeol i te wh i l e 

under vacuum was determi ned to be  0 . 14 W/m°C . 

A tota l  we i gh t  ba l ance of the contents of a typ i ca l  SDS v essel  showed 

3 15 l b  ( 143 k g )  of bone dry zeol i te ,  268 l b  ( 122  k g )  of l oose water that 

c ou l d b e  b l own out by  n i trogen gas dewater i ng ( dr i p  dryi n g ) , 1 00 l b  ( 45 k g )  

of  unbound water that cou l d  b e  removed b y  a second dr i p  dryi n g  and m i n ima l  

v acuum pump i ng ,  and  100 lb ( 45 kg )  of l oose l y  bound  to ti ghtl y  bound water 

that cou l d  be  l eft attached to the zeol i te dur i n g  sh i pmen t and storage . 

Cata lyti c Recomb i n ati on 

Test Objecti v e  

R ockwe l l h as des i gned and used cata lyti c recomb i ners i n  h omogeneous 

. s o l ut ion  type research reactors .  These c l osed systems were effecti ve  i n  

r ecomb i n i n g  hydrogen and oxygen for t i me per i ods o f  more than 2 5  years . 

The objecti ve  of  the tes t work descr i bed i n  th i s  report was to determi n e  

the hydrogen concentrati on i n s i de an SDS vesse l  fi tted w i th a c ata l yti c 

recomb i ner under a v ar i ety of  cond i ti on s  that s i mu l ate the expected 

trans port and  potenti a l  acc i dents . Another object i ve of  the test was to 
determi n e  i f  cata l ys t  i n  the ex i s ti n g  vent port Johnson s creen wou l d  g i v e  

s ati s factory recomb i ner performance . Adequate performance requ i res 
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suffi c i ent  catal ys t  to  recomb i ne the gases and enough open screen  s pace to  

permi t d i ffus i on of  the  gases and water v apor to and  from the  cata lys t  bed . 

Exper iment 

An e l ectrol ys i s  un i t  was used to generate sto i ch i ometr i c  quant i t i es .  of 

hydrogen and oxygen at the test pressure . L i th i um hydrox i de was used to  

increase conduct i v i ty of the water in  the e l ectrol ys i s  u n i t .  Ca l i brat i on 

was performed by co l l ec t i n g  the generated hydrogen and oxygen separatel y  i n  

v o l umetr i c  fl ask s .  The measured gener at i on r ates agreed w i th the 

theore t i ca l  product ion  rates ca l cu l ated from the observed  amperage . A 

total  of 2 36 g of Eng l ehard Type 0 cata l ys t  ( pa l l ad i um on  a l umi n a ) was 

added through Port C .  Th i s  port conta i n s  a 38-mm p i pe that protrudes i nto  

the  SDS vesse l a nd  i s  open to t he  vessel  atmosphere through a Johnson 

screen . Open area of the Johnson screen i s  7 .7 cm2 • 

A second type of cata l yt i c  recomb i ner was a l so des i gned and  b u i l t  for 

pos s i b l e  i nsta l l at i on i n  one of  the fl anged fi l l  ports of  the SDS vesse l . 

The recomb i ner was i n  the shape of a cyl i n der and had  about  130 cm2 o f  

o pen screen area . 

Hydrogen and oxygen were mi xed , then fed to  the SDS v es se l  through 

P ort  B ,  i ntroduc i n g  the gas at the vesse l bottom . For the i nverted tes t 

w i th mi n i ma l  v acuum dry i n g ,  the hydrogen and oxygen were i ntroduced at  

P ort A .  For atmospher i c  pres sure tes t i ng , a wet te st  meter was  u sed  to  

measure the vo l ume of  gas expe l l ed from the SOS vesse l . The wet test meter 

was connected to  the 6-mm hose for the upr i gh t  test and to  Port B for the 

i nverted tes t .  

The v acuum pump was a V WR Sc i en t i fi c  Mode l D -500 ( doub l e  s tage r otary 

v ane ) . H �·drogen concentrat i on s  were determ i ned  by gas ch romatography; a 2%  

hydrogen gas s tandard was u sed as  a ca l i bration source . Pres s ure was read 

from a 0- 1 00 k P a  Leybol d-Heraeus Logar i thmi c v acuum gauge. 
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Test  �esults 

Test l ( Wi th Cata lyst, Vacuum Dri ed Zeo l i te ,  ana Vessel  Upr i ght  and 

I n verted).  The fi rst  catalyt i c  recomb i nat i on test fo l l owed the heated 

vacuum dry i n g  tes t .  The upr i ght vesse l was evacuated to a press ure of 

3.8 kPa .  Sto i ch i ometr i c  hydrogen and oxygen were fed to  t h e  vessel  at  a 

tota l  rate of 3 L/h .  Pressure i n  the vesse l  rose to abou t � kP a and then 

leve l ed off as shown i n  Fi gure 1 2. Th i s  corresponds to the vapor pressure 

of  water at room temperature . The vesse l  was then i nverted and the test 

r epeated . The res u l ts were essent i al l y the s ame as for the upright vesse l . 

Test  2 ( W i th C ata lyst  and Vesse l  at One-h al f Atmospher i c  

fressure ) .  The recomb i n at i on test was repeated w i th the vesse l in an 

u pr i gh t  pos i t i on at a tota l  pres sure of one-ha l f atmosphere . The 

pres sure -t i me re l at i onsh i p  i s  shown in  F i gure 1 3 .  There was a s l ight 

decrease i n  pres sure dur i n g  the  40-h test . The l ack of an observab l e  

pres sure r i se i nd i cated that the feed gas was recombined successfu l l y .  

Tes ts 3 ana 4 (Wi th Cata l yst  and Vessel  at Atmospher�c P ressure ) .  To 

s imu l ate an acc i dent whereby the l iner and cask both l eaked , two tests were 

done w i th the vesse l  vented to the atmosphere through a wet test meter .  

T he  fi rst  atmospher i c  pressure test was done with the liner u pright 

a na the zeo l i te bed dry . F i gure 14 shows the vo l ume of gas expe l l ed from 

the v esse l . Tne rate of hydrogen and oxygen feed  was cut  in ha l f afte; the 

f i rst 5 L of gas were expe l l ed ,  and the exi t gas was sampl ed for hydrogen 

concentrat i on ;  none was foun d .  After each additiona l  5-L expu l s ion , 

s amp l es were taken and ana lyzed for hydrogen . Again , none was found . Ten 

l i ters of gas were expe l l ed before hydrogen reached the recombiner in 

s uffic i en t  q uant i t i es to s tart the recombin at i on reaction . The 

thermocoup l e  i n  the cata lyst  bed showed a temperature rise  correspondin g  t o  

t h e  s tart o f  recomb i nat i on .  Gas was observed to move into and out  of  the  

vesse l w i th fl uctuat i ons  i n  vesse l  temperature caused by fl uctuating ( day 

to n i gh t) room temperatures . 

The second atmospher i c  pressur� tes t was done w i th the l i ner inverted 

and the zeol i te s l i gh t l y  dr i ea. A tot a l  of on l y  29 l b  (13 k g ) of unbound 
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water was removed from the zeol i te .  Resu l ts of th i s  test are a l so shown i n  

F i gure 1 4 .  Aga i n ,  aoout 1 0  L of gas were expe l l ed before recomb i nat i on 

started . The hydrogen an d oxygen feed rate was cut i n  ha l f after 1 0  L were 

expe l l ea. Gas s amp l es were taken after the i n i t i a l 1 0  L were expe l l ed and 

after each add i t i on a l  5 L of gas were expe l l ed .  One percent hydrogen was 

detected i n  one s amp l e ,  and the rema i n i n g  s amp l es conta i ned no detectab l e  

hydrogen . 

Test 5 ( TM I Procedures ) . The procedure and equ i pment for use at TMI 

for vacuum dryi n g  the vesse l s and l oadi ng  cata lyst were demonstrated i n  a 

water poo l at the Hanford s i te .  The test vessel  was p l aced underwater as 

the SDS vesse l s  are dewatered at TMI .  Too l s  were des i gned and fabr i cated 

by Rockwe l l to l oad the cata lyst  i nto Port C and to app l y  the v acuum to the 

submerged SDS vesse l . 

The test proceede d  w i th dewater i n g  the test vesse l ,  fo l l owed by v acuum 

dryi n g  for 24 h to remove m i n ima l  amounts ( about 5 k g ) of. unbound water . 

Th e vesse l was vented to the atmosphere , and 236 g of cata lyst  were added 

i n  Port C through the too l . The SDS vesse l  was evacuated to the vapor 

p res sure of water . V acuum dryi ng  was cont i nued for 4 h to remove pool 

water that may have l eaked in on the catalyst . Operat i on of the catalyt i c 

r ecomb i ner was demonstrated by feedi ng 3 L/h total of hydrogen and oxygen 

to the SDS ves se l  through a too l connected to Port B .  The recomb i ner 

o perated s at i sfactor i ly  as shown by the pressure-t ime p l ots i �  F i gure 15 . 

The tool connect i n g  the vesse l  to the e l ectrol ys i s  system had a s l i ght  a i r 

l eak and caused the press ure to r i se dur i n g  the tes t .  The l eak rate h as 

been backed ·nut of ( subtracted from ) the observed press ure  and a l so p l otted 

i n  Fi gure 1 5 .  The recomb i ner operated s at i sfactor i ly when the zeo l i te was 

q u i te wet , but i t  performed better w i th dry zeo l i te .  

Wes t i n ghouse Hanford Company ( West i nghouse ) des i gned and b u i l t  the 

sk i d-mounted vacuum system for use at TMI - 2 .  The Wes t i n ghouse system was 

u sed to evacuate the SDS vessel  dur i ng the underwater tes t .  The v acuum 

system performed sat i sfactor i l y  dur i n g  the test . 

I n  s ummary, these tests demonstrated vacuum dryi n g ,  cata lyst  l oad i ng ,  

and catalyt i c  recomb i nat i on under s imu l ated cond i t i ons  expected at  TMI -2 . 
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TM I S I TE PRE PARAT IONS 

W hen p l an s  were aeve l oped to use a cata lyt i c  recomb i ner in  the SDS 

ves se l s ,  DOE agreed to s u pp l y  the vacuum dry i n g  system , wh i ch Wes t i nghouse 

then des i gned ana fabr i cated . At the s ame t i me ,  Rockwe l l conducted i ts 

tests on the recomb i ner , and GPU Nucl ear approved Wes t i n ghouse ' s  vacuum 

system des i gn ,  obta i ned NRC approv al of the system ' s  s afety eva l uat i on and 

operat i n g procedure , and prepared the TM I -2 fac i l i ty for the equ i pment . 

Des i gn Cr i ter i a  

West i nghouse , Rockwe l l ,  GPU Nuc l ear , and E G&G I daho prepared a 

Funct i ona l  Operat i ona l  Req u i rements Document {FORD ) for the vacuum system 

so that i ts des i gn by Wes t i n ghouse wou l d  be coord i nated w i th GPU Nuc l ear ' s  

preparat i ons  for i ts i n stal l at i on .  Th i s  document  de l i neates the 

requ i rements for the system ' s  des i gn ,  fabr i cat i on ,  and de l i very . 

Spec i f i cal ly , the document  requ i red the system t o  remove , by vacuum dryi ng , 

essent i a l ly  a l l mo i s ture th at cou l d  be removed from the SDS vesse l s at the 

amb i en t  temperature of the TM I - 2  spent fuel  pool . The equ i pment  was s i zed  

t o  remove mo i s ture at  the  max i mum pract i cal rate u s i n g the  6 -mm vent hose  

connec t i on or a 38-mm q u i ck d i sconnect coup l i n g  connect i on .  

The document a l s o  s pec i f i ed the use  of : 

o Sk i d -mounted equ i pment w i th a max i mum w i dth  of  20 i n .  ( 50 .8 em ) 

o A f l exi b l e  hose  connect i on from the v acuum dryi ng  too l on  the SDS 

vesse l  to the GPU Nucl ear- supp l i ed h ard  p i p i n g  and from the 

p i p i ng to the s k i d  

o A f l ex i b l e  h ose  connect i on from the  v acuum system d i scharge to 

GPU Nuc l ear- supp l i ed off gas system p i p i n g  

o Sta i n l ess  s tee l  equ i pment to mi n i mi ze contam i n at i on 
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o F i l ters upstream of the vacuum pump to protect i t  from 

raa i on uc l i de contam i n at i on and down stream of the  pump to protect 

the off gas system from o i l contam i nat i on 

o 1 1 5 V ,  s i ng l e phas e ,  60 Hz e l ectr i c a l  power 

o Connect i on s  for n i trogen and argon gas bot t l es  ( bot t l es s u pp l i e d  

by GPU Nuc l ear ) . 

The FORU a l s o s pec i f i ed process req u i rements for vacuum pump 

perfo�mance , p i pe s i z i ng ,  f i l ter performance , and samp l i n g capab i l i ty ;  for 

mech an i ca l  equ i pment  mater i a l , we l d i n g ,  and s tres ses ; and for operat i n g 

cond i t i ons , serv i ce l i fe ,  mai n tenance , i nstrumentat i on ,  c l ean l i nes s , 

documentat i on ,  and Qua l i ty Ass urance . Sh i e l d i n g was s pec i f i ed to l i m i t the 

dose rates to 1 mR/ h  above background at one foot from the system . 

I n stal l at i on 

GPU  Nuc l ear i n sta l l ed the v acuum sk i d  ( F i gure 1 6 )  bes i de the TM I -2 

s pent fue l  pool B ,  wh i ch conta i n s the SOS ( see F i gure 1 7 ) .  The vacuum sk i d  

was p i pea to the dewater i ng s tat i on and connected w i th a f l exi b l e  hose  to 

the cata lys t  add i t i on and vacuum dryi n g  too l ( F i gure 1 8 ) . The vacuum sk i d 

was a l so  connected to the s torage rack man i fo l d ,  wh i ch h ad connect i on s  for 

s i x  vent  hoses to the vess e l s i n  s torage . The p i p i n g  and i ns tr umentat i on 

d i agram for the system i s  s hown i n  Appen d i x  C .  

Acceptance Cri ter i a 

The cr i ter i a for prepar ing SDS vesse J s  for s a fe sh j pmen t us jng 
c at a l yt i c  r ecomb i n at i on are b ased on Department of Transportat i on 
concentr ati on 1 imi ts for f 1 ammab1 e  ga� mi xtures i n  a r adi oi sotope shi pment 
and on Rockwe l l 's tes ts and recommenda t ions . These cr i ter ia are: 

7 .  7aere wr ( (  be 7ess tndn a.aa l8 grdm mo les o f  H2(( o r  less tnan 

0 . 0022 gram mo l es of o2;L i n  an SOS vess e l  dur i n g  s h i pment 
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2 .  The res i du a l  water content w i l l  b e  l es s  than 1 00 l b  ( 45 k g ) for 

both bound and unbound water 

3 .  A suff i c i en t  amount o f  cata lyst  pel l et s  w i l l  be  i nserted i nto  the  

vesse l  dur i ng catalyst  add i t i on . 

The gram mol e l i m i t for hydrogen ( 0 . 00 1 8  gram mo l es H2/L ) en s ures 

there w i l l  be l es s  than 4 . 1% hydrogen by vo l ume at  standard  temperature an d 

pressure ( STP ) , wh i ch i s  i ts l ower f l ammab i l i ty l i m i t .  S i mi l ar ly ,  w i th 5% 

oxygen by vol ume at STP-- i ts  l ower f l ammab i l i ty l i m i t for hydrogen-oxygen 

m i xtures--there wou l d  be 0 . 0022 gram mol es/L . 

The l i mi t on  res i dua l  water con tent ensures that the cata lys t  w i l l  not  

b e  s ubmerged if  the  vesse l s are i nverted . The  res i du a l  water con:ent l i m i t 

of 1 00 l b  ( 45 kg ) was con s i dered conservat i ve s i nce the test demonstrated  

recomb i nat i on i n  an  i nverted vesse l  conta i n i ng 1 69 l b  { 77 k g ) of water . 

The add i t i on of cata lyst  to f i l l  the vent nozz l e  and screen assemb l y  

e n s ures that a n  i nverted vesse l  wou l d  h ave suff i c i ent  c atalyst u p  i n  the 

screen to  recomb i n e  the rad i o lyti c gases . The nozz l e  an d screen as semb l y  

c omb i ned can ho l d u p  to 236 g or about 5 900 o f  the 3-mm-d i ameter , 3-mm- l on g  

pel l ets , wh i ch i s  a t  l east  1 0  t i mes the amount necessary to  recomb i n e  gases 

i n  an SDS vessel  w i th the  h i ghest rad i o lyt i c  g as generat i on rate . 

Operat i ng Procedures 

tiased on  the descr i bed test program and pre l i mi n ary operat i n g  

procedures by Rockwe l l and Wes t i n ghouse ,  GPU Nuc l ear deve l oped the  

operat i ng procedures by wh i ch the recomb i ner and v acuum system wou l d  b e  

u sea a t  TMI -2 .  Fol l ow i n g  are the genera l s teps for v acuum dryi n g ,  c ata l yst  

add i t i on ,  and recomb i n at i on performance eva l u at i on :  

1 .  Remove the  vesse l  from s torage and we i gh 

2 . Dewater the  vesse l  w i th n i trogen gas and  rewei gh 
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3 .  I nsta l l t he  vacuum dryi n g  and cata l ys t  add i t i on tool o n  the SDS 
ves se l  and rewe i gh . -� 

4 .  V acuum dry the vesse l  unt i l  the res i dua l  water content drops 

bel ow 1 00 l b  

5 .  Shut off the  v acuum system and vent the vesse l  to the atmosphere 

us i n g  v a l ves on the too l 

6 .  Add cata lyst  pe l l ets and remove the too l 

7 .  E v acuate the vess e l  through the 6-mm vent hose for 4 h 

8 .  Sh u .  off the v acuum system, and i so l ate the vesse l a t  a v acuum 

9 .  Mon i tor the performance of the cata lyt i c  recomb i nat i on us i n g  a 

p ressure gauge 

1 0 . Obta i n  gas s amp l es to con f i rm gas concentrat i on s .  

Add i t i on a l  steps req u i red for prepar i n g  a ves se l  for s h i pment after 

c on f i rm i n g  the cata l yst  performance are descr i bed i n  the u pcomi n g  sect i on 

on sh i pments us i n g  cata lys t  recomb i ners . 
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I , 

TM I TE STS 

To demonstrate v acuum dryi ng  and cata lyst  add i t i on ,  a nonrad i oact i ve 

or "co 1 c1 " demonstrat i on test was performed at TM I .  To demonstrate 

c ata lyt i c  recomb i n at i on of rad i o lyt i c  gases , a r ad i oact i ve or " hot " 

demonstrat i on test was a l so performed . 

Co l d  Test 

A nonrad i oact i ve SDS ves se l  was vacuum pumped � i th th e 

We s t i n ghouse-supp l i ed v acuum system and the Rockwe l l -supp l i ed cata lyst  

add i t i on and v acuum dry i n g  tool . Dur i n g  t he  f i ve -day vacuum dryi n g  tes t ,  a 

tota l  of 5 5  l b  ( 25 kg ) of water was removed , wh i ch was more than the 

expected 10 l b/day ( 4 . 6  kg/day ) . 

The procedure for add i n g c ata lyst req u i res open i ng both fu l l port ba l l 

va l ves on the cata lyst  add i t i on too l and s l ow ly  pour i n g  the pe l l ets  down 

through the too l . Th i s  method ensures that a l l the pe l l ets h ave s uff i c i ent  

downward momentum to bounce through the check v a l ves  of the qu i ck 

d i sconnect coup l i n g  at the bottom of the too l . Pe l l ets poured q u i ck l y  tend 

to p i l e  up and get l odged on the v a l v e seats . I f  th i s  h appen s � not a l l the 

pe l l ets  w i l l  be i nserted and water w i l l  enter the s ubmerged vessel  dur i n g 

. too l removal . The tests and subsequent vesse l proces s i n g  conf i rmed the 

re l i ab l e  i n sert ion of  the catal yst. 

Hot Tes t 

""�:\\� \\�\. c:i���\\�\."<' �\.i.�\\ �-( ��<:..��� <i"<'�i.\\�> <:..�\.�\.'l<:.,\. �c:ic:i"\\.i.�\\> �\\� 

c a t a lyt i c  recomb i n a t i on of r aa i o 7yt i c  gas es for a rad i oact i ve �OS ves s e l  

w as performed at TM I - Z  us i n g  the h i ghest cur i e  content vess e l  av ai l ab l e , 
0 1 00 1 2 �  w t th a tota l of l l 2 �635 C t . Th ts  ves s e l  was dewatered and Q l aced 
in tne expenbeb vesse1 storage area in �ovember )98) . lne not tes t  tnen 

beqan in November 798Z with the vesse l in th is condit ion. The vesse l was 
'D1't>1>»1>i. i"1't>� �1.t>1'a5f<r "01>\S �-r"S5}1>-r\S, <D9-<f> �1>t. �'ra1' t.a�t.l> h't-r\S '\1>-r 1''r� "S\S1>o � 
w ater content i n  the s ubmerged vesse l s by s ubtr acti ng from the sca l e 
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read i n g  the we i yh t s  of the empty vesse l , dry zeo l i te ,  and r i gg i ng , and then 

a dd i n g  the bouyant force . For examp l e ,  t 1 1e  res i du a l  water content of  

1 0 1  kg  ( 22 1  l b ) for vesse l  0 1 00 1 2  was obtai ned by t ak i n g the scal e read i n g  

of  289 k g  ( 636 l b )  m i nus  326 k g  ( 7 1 7  l b )  for the empty vesse l , m i nus  1 48 k g  

( 326  l b ) for dry zeol i te ,  m i n u s  2 7  k g  ( 60 l b ) for the r i gg i n g , p l us  the 

D ouyant force of 3 1 3  kg  ( 688 l b ) . 

The vesse l  was then dewatered agai n .  The � ca l e read i ng after 

aewater i n g  was 545 l b  ( 247 kg ) ,  for a reduct i on of the res i du a l  water to  

1 29 l b  ( 59 kg ) .  The cata lyst  add i t i on and v acuum dryi ng  too l was added to 

the vessel , and the as semb l y  was rewe i ghed . The too l added approximate l y 

1 46 l b  ( 66 kg ) ;  accurate measurement cou l d  not be made w i th the tea l 

attached . The 38-mm f l ex hose attached to both the too l and the h ard  

p i p i n g prevented exact we i gh i n g .  The meas urements made dur i n g  v acuum 

dryi n g  w i th the too l d i d  prov i de reasonab l e est i mates for rel at i ve water 

r emova l  between wei gh i n gs s i nce care was taken to pos i t i on the vesse l , 

tool , an d hose i n  the s ame way for each measurement .  

The res i dua l  water content of ves se l  01 00 1 2  dur i ng v acuum dryi n g  i s 

shown i n  F i gure 1 9 .  The vacuum system performed as  expected for both the 

amount of water removed per day and for system press ure versus t i me .  S i x  

days o f  vacuum dry i n g  reduced res i dua l  water content t o  8 1  l b  ( 37 kg ) ,  

wh i ch was be l ow the acceptance cr i ter i on l eve l  of 1 00 l b  ( 45 kg ) .  The 

acceptance cr i ter i on regard i ng cata lys t  add i t i on a l s o  was met , w i th  l es s  

t h an 1 %  o f  the pe l l ets rema i n i ng i n  the tool after remov al . However , water 

i n- l eakage dur i n g  tool  remova l  after the f i r s t  vacuum dryi n g  campa i gn  

p rompted a c hange i n  the  operat i ng procedure to m i n i mi ze s uch i n- l eakage i n  

future operat i on s . The change was to pres s ur i ze the  vesse l  t o  1 0  ps i g  

d ur i n g  tool  remova l  to counterbal ance the force of the  water above the  

v a l ve i n  the coup l i n g  dur i n g  c l osure . The water that entered the  ves s e l  

a fter the tool was f i rst  removed was v acuum dryed dur i ng a s econd three-day 

dry i n g  campa i gn  ( see F i g ure 1 9 ) . W i th a 1 0-ps i g  pos i t i v e  pressure i n  the 

v es s�l , l i tt l e water entered dur i n g  the  s econd tool  removal  operati on . To 

ensure the cata l ys t  was adequate ly  dry after pos s i b l e water i n - l eakage 

d ur i n g too l  remova l , a 4 - h  v acuum dryi ng  per i od fo l l owed u s i ng the 6 -mm 

vent  hose  before the  ves s e l  was i so l ated for subsequent press ure mon i tor i ng .  
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F i gure 1 9 . Res i dua l  water content i n  SDS ves se l  0 1 00 1 2  versu s  vacuum 
dryi rrg  t i me .  
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Pressure mon i tor i n g of vessel  0 1 00 1 2  con t i n ued for 1 4  days to s at i sfy 

D OE tnd NkC req u i rements t hat a f l ammab l e  gas m i xture wou l d  not deve l op i n  

the ves se l  dur i n g  an observat i on per i od twi ce that expected for sh i pp i n g  

( seven days expected ) . By us i ng the h i ghest l oaded vesse l  for th i s  

demonstrat i on ,  eng i neers proved the s afety of app ly i n g  cata lyt i c  

r ecomb i n at i on t o  future,  l ower cur i e  content ves se l s .  And based on th i s  

demonstrat i on ,  a shorter mon i tor ·i ng  peri od was suff i c i en t  to confi rm proper 

c ata lyst  funct i on i n g .  

The press ure h i s tory for ves se l  0 1 00 1 2  after cata lyst  add i t i on i s  

shown i n  F i gure 20 . The succes sful performance of the catalyti c  

recomb i n at i on process  i s  shown by the d i fference i n  expected pres s ure r i se 

( b ased on ear l y  GPU Nuc l ear test i n g  documented i n  Append i x A ) ahd the 

ob serv�d press ure . Contro l of ves sel  press ure dur i ng mon i tor i ng 

demonstrates that the catalyst  recomb i n at i on process was successfu l i n  

control l i ng  the generat i on of f l ammab l e  gas m i xtures produced from 

rad i o lys i s  of res i dua l  water i n  SOS vesse l s .  fhe observed press ure r i s e  

dur i ng tne 1 4-day mon i tor i n g per i od was due i n  p art t o  a i r  i n- l eakage , 

wh i ch was not corrected un t i l after the mon i tor i ng per i od was over . 

R es u l ts of gas s amp l e  an a lys i s  conf i rmed that there was a i r  i n- l eakage, as  

sho�n l ater i n  Tab l e  4 .  

U s i n g  the gas s amp l e  resu l t ,  the amount of H2 i n  the vessel  at the 

end of 14 days was ca l cu l ated to  be 0 . 0003 gram mol es of H2/L , wh i ch i s  

l es s  than the Department of Tran sportat i on f l ammab l e  gas l i mi t of 

0 . 00 1 8  gram mo l es of H2 / L .  Th i s  i nformat i on confi rmed the conc l us i on s  

obtai ned from t he  pressure data . 

The a i r  l eak was l oc ated and repai red , after wh i ch a s econd mon i tor i n g  

was performed . The vesse 1 �as evacuated and press ure mon i tored for four 

d ays ; res u l ts are a l s o  shown i n  F i gure 20 .  Th i s  curve shows i n i t i al 

bu i l du p  of rad i o lyti c  gases , fol l owed by a s h arr drop i n  press ure due to  

i n i t i at i on of the  recomb i n at i on proces s  as the  catalyst  bed dr i ed .  

The s uccessfu l hot  demonstrat i on o f  vacuum dryi ng , catal ys t  add i t i on , 

a nd r ad i o lyti c  gas recomb i n at i on at  TMI - 2  was a major m i l estone wh i ch  

permi tted the s tart of rou t i ne  sh i pment of expended , h i gb cur i e 'content SOS  

v e s se l s  for DOE resear·ch and deve l opment program use . 
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mon i tor i n g  per i od and second mon i tor i ng per i od .  
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SHI PME NTS 

A l l  SDS vesse l  s h i pments h ave been i n  comp l i ance w i th Department of 

Trans portati on f l ammab l e  gas cr i ter i a .  The f i rs t  expended SDS ves s e l  

( U l 00 1 5 )  was s h i pped w i thout cata lyst  recomb i ner s because the gas 

generat i on rate was suff i c i en t l y  l ow .  Al l other SDS vesse l s ( 1 4 vesse l s to 

d ate ) h ave  been prepared w i th catalys t  recomb i ners . 

Sh i pment  Preparat i on 

Low C ur i e  Vesse l  

Th e f i rst  SDS vesse 1  to  be sh i pped from TMI was  ves se l  0 1 00 1 5 ,  w i th a 

total  of 1 2 , 896 C i , i nc l ud i n g  daughter products . The gas generat i on dat a 

for th i s  ves se l  are prov i ded i n  Appen d i x  A . The gas  generat i on r ate was 

l ow enough , even assumi n g  sto i ch i ometr i c  gas product i on from th i s  

n onsto i ch i ometr ic  vesse l , to  perm i t  s afe s h i pment  dur i n g  a per i od tw i ce the 

expected sh i pp i n g  t i me w i thout u s i n g  a cata lyst  to  recomb i ne the rad i o lyt i c 

g ases . N i trogen gas was u sed to dewater the ves se l  and to  i nert the vessel  

and  sh i pp i n g  cask at atmospher i c  pressure . 

S h i pments Us i ng Catalyst  Recomb i ners 

The f i rst SDS vessel  s h i pped u s i ng a cata lyt i c  recomb i ner was vesse l  

0 1 00 1 2 ,  wh i ch had been used i n  the  TM I s i te rad i o lyt i c  recomb i n at i on 

demon strat i on .  To faci l i tate acceptance of th i s  vesse l  for retr i ev ab l e  

bur i a l  by Rockwe l l ,  GPU Nuc l ear perfor·med the fol l ow i n g  s teps : 

1 .  The vesse l  was re-ev acuated to  1 ps i a ( 7  kP a ) . 

2 .  A rupture d i sc and f i l ter assemb l y  was i ns t a l l ed at the end of  

the  hose . 

3 .  The ven t  h ose  v a l ve was opentd and the v a l ve h and l e  removed . 
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4 .  The ves se l  was p l aced i n  the s ubmerged sh i pp i n g  cask , and th e 

vent hose was co i l ed on top of the vesse l . 

5 .  A l i ft i n g  ba i l was i nsta l l ed on  the  vesse l ' s  l i ft i n g  l ugs . 

6 .  The cask ' s  l i d was p l aced o n  top o f  the  cask , and the  cask was 

l i fteo from the poo l . P ersonne l  obta i ned a s amp l e of the water 

that was dra i n ed from the cask and performed a contami n at i on 

l eve l  check . 

7 .  Wh i l e  i nert i n g  the cask  for sh i pp i n g ,  tech n i c i an s  conf i rmed the 

cask dra i n  was not p l u gged . 

Subsequent SDS vesse l s  were prepared for s h i pment i n  the s ame manner 

as 0 1 00 1 2 .  The dewater i n g data for these vesse l s are shown i n  Tab l e  2 .  

After dewater i ng and cata lyst  add i t i on ,  the pres s ure  r i se dur i n g  the  

cata lys t  performance mon i tor i ng per i od showed the  effect i veness  of  th e 

c atalyst  i n  control l i n g  gas pres s ure i ncreases by recomb i n i ng hydrogen and 

oxygen back i nto  water . Tab l e  3 shows the i n i t i a l pressure , f i na l  

p res s ure ,  press ure r i se ,  and l en gth  of the mon i tor i n g  per i od for each 

vesse l . 

A l though the pressure r i s e  data estab l i shed the  cata l yst ' s  

performance , gas samp l es  were obta i ned after each v es se l  • s  mon i tor i n g  

per i od .  Tab l e  4 shows the  gas s amp l e ana lys i s  res u l ts for each vesse l . 

The s ampl e5 contai n i n g  N2 exper i enced a i r  i n- l eakage dur i n g  the  s amp l i ng 

p rocedure--except for ves se l s 01 00 1 2  and 0 1 00 1 6 ,  wh i ch h ad a i r  i n- l eak age 

d ur i n g  the i r  observati on  per i ods . Note that the cata lyt i c  system kept  

h ydrogen concentrat i on s  wel l be l ow the 4 . 1 %  l ower f l ammab i l i ty l i m i t ,  and  

therefore the s h i pments  were i n  comp l i ance  w i th federa l  regu l at i on s . 

I n  SDS vesse l s where the  gas generat i on i s  near s to i ch i ometr i c ,  

hydrogen co�centrat i on s  w i l l  i ncrease s l ow l y  a s  hydrogen i s  used t o  comb i n e  

w i th the oxygen back t o  water v apor . At s ome unknown hydrogen 

overpressure , the gas generat i on wou l d  be expected to s to p  by back 
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TABLE 2 .  SDS VESSE L DE WATE R I NG DATA 

Res i dua l  Water Content 

Ve sse l  After After 
Number Start i ng We i ght  Redewater i ng_ Vacuum Dryi n g  

__(_]_QJ. . l!.9l J l b )  � ( l b )  � 
D l 00 1 2  22 1 1 00 1 29 5 9  6 7  30  
0 1 00 1 6  1 36 62 1 0 5  48 65 30 

0 1 00 1 3  208 96 1 34 6 1  63 29 

0 1 00 1 7  1 3 1  60 1 1 9 54  5 1  2 3  

0 1 00 1 8  1 50 68 1 1 7 53 62 28  

020027 92 42 84 38 60 2 7  

020028 1 36 62 1 34 6 1  5 6  2 5  

0 1 00 1 4 1 2 2  5 5  1 1 5 52  1 9  9 

0 1 00 1 1 1 45 66  1 42 65 68 3 1  

020026 4 1 9  1 90 1 6 1  7 3  8 1 3 7  

020022 1 43 65 1 20 55  7 6  35  

020029 333 1 5 1  1 30  59  76  35  

02003 1 79  36  55  25  23 1 0  

020037 59 2 9  4 1  1 9  22 1 0  
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TAtlLE 3 .  PRE ::>SURE R I SE DUR I NG CATALYST PE RFORMANCE MON I TOR I NG PE R IOD  

I n i t i a l F i n a l  I ncrease i n  
Vesse l  P ressure Pressure P res sure 
Number ( kP a ) ( kPa ) ( kP  1 )  
D l 00 1 2  
f i rst  a 1 3 . 6  55 . 9  42 . 3 b 
s econdc 7 . 8  1 5 . 3  7 . 5 

D l UO l 6  7 . 2  4 1 . 3  34 .  1 b 

D l 00 1 3  6 . l 8 . 2  2 .  l 
0 1 00 1 7 6 . 5  7 . 8 1 . 3 
0 1 00 1 8  6 . 5  8 . 2  1 . 7 

02002 7 6 . 8 9 . 5  2 . 7  
020028 7 . 2  7 . 8  0 . 6 
0 1 00 1 4  7 . 5  9 . 2  1 . 7 

0 1 00 l l  6 . 5  6 . 5  0 
U20026 6 . 8  9 . 9  3 .  1 
020022 6 .  1 1 0 . 6 4 . 5  

020029 7 . 2  1 1 . 9 4 . 7  
02003 1 9 . 2 1 0 . 2  1 . 0 
020037 7 . 5  1 0 . 6  3 .  1 

a .  F i r st  cata lyst  performance mon i tor i ng per i od .  

Mon i tor i n g  
Per i od ( h ) 

336 
1 1 4 
1 38 

54 
9 2  

1 33 

9 1  
1 08 
1 20 

48 
90 

1 0 7  

80 
480 
1 63 

b .  Hi gh press ure i ncrease res u l ted from a i r  i n- l eakage i n  the pres sure 
mon i tor i n g sys tem above the water l eve l . See gas ana l ys i s  i n  Tab l e  4 .  

c .  Second  cata lyst  performance mon i tor i n g  per i od .  
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TABLE 4 .  GAS SAMPLE RE SULTS AFTE R  
( I N VULUME PE RCE NT ) a 

CATALYST PE RFORMANCE MON I TOR I NG ; c R IOO  

Vesse l  S amp le H2 02 N2 Number Number Commen t 

U l 00 1 2  1 0 . 34 2 .  86 1 3 . 95  A i r l eak i nto system 
2 0 . 50 6 . 55 29 . 5 7  Ai r l eak i nto  system 
3 0 . 67 5 . 38 2 5 . 88 A -i :  l eak i nto system 

0 1 00 1 6  1 0 . 1 7  0 . 67  5 . 2 1  Ai r l eak i nto system 
2 0 .  1 7  l. 0 1  6 . 22 Ai r l eak i nto system 

0 1 00 1 3  1 <0 . 03 <0 . 44 <0 . 8 1  
2 <0 . 03 <0 . 44 <0 . 8 1  

0 1 00 1 7  1 0 . 03 0 . 55 1 . 68 
2 0 . 07 <0 . 2 2  <0 . 42 
3 0 . 1 0 <0 . 2 2  <0 . 42 

01 00 1 8  1 0 . 05 2 1 . 0  78 . 3 Ai r l eak i nto  samp l e 
2 0 . 2 7  1 . 23 7 . 39 A i r  l eak i nto s amp l e  

020027 1 0 . 03 <0 . 29 1 . 02 
2 0 . 1 3  <0 . 29 <0 . 52 

020028 1 <0 . 02 <0 . 2 9 <0 . 64 
2 <0 . 02 <0 . 29 <0 . 64 

0 1 00 1 4  1 0 . 1 8 0 . 84 <0 . 66 
2 0 . 44 <0 . 2 9  <0 . 66 

0 1 00 1 1 l <0 . 02 1 . 68 6 . 55 Ai r l eak i nto  s amp l e 
2 0 . 03 5 . 2 1  20 . 50 A i r l eak i nto s amp l e  

lJ20026 l <0 . 02 <0 . 37 1 . 04 
2 <0 . 1 0  <0 . 3 7 0 . 62 

020029 1 o .  l 7  <0 . 50 3 . 1 9  
2 0 .  1 7  1 . 85 9 . 4 1  Ai r l eak i nto s amp l e  

020022 l 0 . 34 0 . 50 2 . 1 8 
2 0 . 34 0 . 50 2 . 69 

02003 1 l 0 . 2 7  0 . 6 7  4 . 59 
2 0 . 50 1 . 08 4 .  92 

020037 l 0 .  1 7  <0 . 34 <0 . 6 7 
2 0 . 34 <0 . 34 <0 . 67 

a .  The vesse l  atmosphere was d i l uted w i th argon gas pr i or to s ampl i n g .  
The gas  s amp l e  an a lys i s  res u l ts were normal i zed and reported o n  a 
o ne- atmosphere b as i s .  E ach n umber preceded by a l es s  than s i gn i s  the 
l ower l i m i t of detectab i l i ty for that s amp l e .  Th i s  n umber i s  prov i ded  i n  
c ases  where the  actua l  vol ume percent measured i s  l es s  than th i s  l i m i t .  
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react i on s  i nvo l v i n g  hydrogen . Dur i n g  ear l y  tes t i n g  at TM I ,  no  reduct i on i n  

g as generat i on rate was found when vesse l s were a l l owed to pres s ur i ze to  

24 . 7  ps i a  of hydrogen r i ch mi xtures from rad i o l yt i c  gas  generat i on ( see  

A ppen d i x  A ) . 

Net Gas Generat i on Rate Versus Res i dua l  Water Content 

D ur i ng preparat i on of SDS ves se l  01 00 1 3 ,  add i t i on a l  data on gas 

generat i o n  rate versus  res i du a l  water content were obta i ned . n fter th i s  

v esse l  was removed from s torage , i t  was we i ghed and found to h ave a 

res i dua l  water content of 208 l b  ( 96 kg ) .  The ves s e l  �·as then i n erted at  

a tmospher i c  pressure w i th n i trogen and  the press ure mon i tored for 80 h .  

From the data obtai ned , the gas generat i on rate was ca l c u l ated to be  

5 92 cc/h . At  that rate and  for 5 1 , 000 C i  of  ces i um and s tront i um,  the g as 

generat i o n  rate per cur i e was 0 . 0 1 1 6  cc/h-C i . 

The  vesse l  was v acuum dr i ed to a res i du a l  water content of 63 l b  

( 29 kg ) .  I t  was i so l ated at a vacuum w i thout any cata lyst  added . Pres sure  

w as mon i tored for 62 h .  The gas generat i on r ate was c a l cu l ated to be 

423 cc/h , res u l t i n g  i n  a generat i on rate per c ur i e  of 0 . 0083 cc/h-C i . 

The ear l i er GPU Nuc l ear study ( see Append i x  A )  i nd i cated an  

approx i matel y l i n ear re l at i on sh i p  between gas generat i on rates  per cur i e  of  

ces i um and stront i um and ves se l  water content from 2 . 8 to 5 . 2  ft3 , th e 

r an ge for res i dua l  water after b u l k  remova l  w i th N2
• The Dl 00 1 3  data 

i nd i cate th i s  re l at i on sh i p  does not h o l d at  l ower ves s e l  water contents . 

Th e expl anat i on may be that res i dua l  water co l l ects i n  the bottom of the 

vesse l , wh i c h  i s  away from the h i gh rad i at i on zone . 7 The presence of  

th i s  water does not contr i bute proport i on a l l y  to  hydrogen and  oxygen 

genet· at i on .  Vacuum dryi n g  removed res i du a l  water from the bottom of the 

v es se l , l eav i n g  about the s ame amount of bound water i n  the zeo l i te at  the 

top of the bed where the  rad i oact i v i ty i s  concentrated and where mos t  of 

the r ad i o lys i s  t akes  p l ace . 
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Tran spor t 

E G&G I daho assumed respons i b i l i ty for the GPU Nuc l ear prepared SDS 

V Esse l  s h i pments at the TM I s i te boundary . E ach sh i pment was comp l eted 

wi thout i nc i dent . Teams of two s pec i a l l y  trai ned and qua l i f i ed dr i vers  

con s i s tent ly  made the  tr i ps from TM I to R i ch l an d ,  w · ,  i n  l es s  than three 

days . 

F i gure 2 1  shows a draw i n g  of the SDS s h i pp i n g  cask , and F i gure 22 
shows the cask t i ed down to the trai l er .  

52 



l 

��-------------------------S ft ----------------------�.-1 

I m pact 
l i m iter 

Al l  shaded areas 
represen t  steel 
p lat ing 

3/4 i n .  

5 i n .  

R i g i d  polyurethane foam 

112 i n .  

4 ft -6 i n .  

I 2 ft -2 V2 i n .  ---.--:...1 
Cask 

8 ft - 1 3/ 1 6  i n .  

t I m pact 
l i m iter 

I n n e r  
cav i ty 

R i g i d  polyurethane foam 

Lead 

INEL 4 4292 

F i gure 2 1 .  A s i mp l i f i ed schemati c  of the CNS l - i 3C sh i pp i n g  cask . 
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DOE RE SE ARCH AND DE VE LOPME NT PROGRAMS 

Zeo l i te V i tr i f i cati on Demonstrat i on Program 

Vesse l s D l 00 1 2 ,  01 00 1 5 ,  c o 1d  D l 00 1 6  were s h i pped to P ac i f i c  Northwest  

L uuoratory fGr use  i n  v i tr i f i cat i on exper i ments . The CQntam i n ated zeol i te 

w as removed from the vesse l s ,  g l ass formers were added � and the m i xture was 

p l aced i n  s pec i a l sta i n l es s  s teel  can i s ters . A fu l l -sca l e , i n -c an i s te r  

mel t i n g proces s  w a s  then u s e d  t o  v i t r i fy the mater i u l .  I n  th i s  process , 

the can i s ter s erves as the contai ner for the s o l i d i f i ed ( g l as s ) f i n a l  waste 

p roduct . Program detai l s  are presented i n  References 7,  8,  9,  and 1 0 .  

Dry Hand l i ng and Mon i tored Bur i a l  Demonstrat i on Program 

l he other ten vesse l s ,  l i s ted i n  Tab l e  1 ,  were sen t to Rockwel l for 

e xper iments demonstrat i n g  remote dry h and l i ng  techn i q ues and mon i tored 

b ur i a l i n  spec i a l concrete overpacks . The remote tran s l oadi ng from 

s h i pp i n g  cask to concrete overpack proved to be cost effect i ve .  The 

tran s l oad i n g  was conducted i n  the T-P l ant rai l tunnel , remotel y  from the 

s h i e l ded cab of the  canyon travel i n g  crane , and observed through opt i ca l  

sys tems and c l osed c i rcu i t  te l ev i s i on . No s i gn i f i cant  prob l ems were 

e ncountered i n  any of the tran s l oad i ng operat i on s .  Sh i pp i ng cask h and l i ng  

and decontami nat i on costs were mi n imi zed by avo i d i n g  underwater h andl i ng .  

After trans l oadi ng e ach  SDS vessel i nto i ts concrete overpack , i t  was 

trans ported by truck to a nearby b ur i a l trench , i nto wh i ch i t  was p l aced 

u s i ng a truck -mounted crane ( see F i gure 2J ) .  The overpack was then bur i ed 

at l east 9 ft underground , bel ow the s an d  and rock mater i al prev i ou s l y  

r emoved from t h e  trench . 

One of the SDS vesse l s ,  0 1 00 1 1 ,  and i ts overpack w i l l  be s pec i a l l y  

i nstrumented for l ong -term b ur i a l mon i to� i ng .  The mon i tor i n g  equ i pmen t 

i ncl udes two vessel  pressure transducers , four vessel  she l l thermocoup l es ,  

1 2  overpack thermocoup l es , four b ackf i l l  thermocoup l e s  between overpacks ,  

and two gas s ampl i ng l i nes to mon i tor the a i r  i n  the overpack above and 

bel ow the vessel  for mo i sture and contami nat i on . 
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F i gure 23 . Workers remove the l i ft i n g  s l i n g from an overpack conta i n i ng 
an SOS ves s e l  i n  i t s retr i evab l e  bur i a l  pos i t i on .  
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F i gure 24 shows the arrangement of the SDS vessel , concrete overpack , 

a nd i n strumentati on for b ur i al . The pressure transducers are rad i at i on 

res i s t an t , h i gh temperature dev i ces w i th rad i at i on res i st ant  c �h l es 

t ermi n at i n g i n  the i n strument  enc l osure . The two s amp l i n g  l i nes are 

6-mm sta i n l es s  stee l tubes term i nat i n g  i n  the i nstrument enc l os ure . 

Th i s  bur i a l pack age w i l l  b e  mon i tor ed week l y  for the f i r s t  two month s ,  

mon th l y  for the next four month s , b i month l y  for the fol l ow i n g  s i x  month s , 

q uarter l y  for the fol l ow i n g  three years , and then sem i annua l l y  un t i l 

mon i tor i n g  i s  term i n ated . An a l ysts  expect the temperature w i l l  r i s e  

s l ow l y ,  w i th a max i mum of l es s  than 350°F peak i ng i n  about three-and-a-ha l f 

years . Th e system pressure i s  expected to r i s e s l ow l y  from a p art i a l 

v acuum to one atmosphere , due to sma l l l eak s and a l ow net hydrogen gas 

generat i on rate , and then rema i n  at a s l i gh t l y  pos i t i ve press ure . 

· -., , 
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CONCLUS IONS 

The  overa l l  SDS  process h as pru . 2d to be very effect i ve ,  part i cu l ar l y  

cons i der i n g  safety i ssues and needs t o  keep rad i at i on exposure l evel s a s  

l ow a s  reasonab ly  ach i evab l e ,  i n  remov i n g ,  concentrat i n g ,  h and l i ng ,  

sh i pp i ng , and safel y s tor i ng f i s s i on products from the contam i n ated water 

wh i ch h ad been i n  the TM I -2  Reactor Bu i l d i n g .  Rad i o lyt i c  gas generat i on 

from the concentrated f i s s i on products on  the zeo l i tes  was recogn i zed 

b efore system startup and character i zed after the f i r st  vessel s were 

removed from serv i ce .  Catalyst  tes t i n g  a t  more than twi ce the observed 

max i mum gas gener at i on rate estab l i shed the performance of recomb i ners i n  

SDS vessel s .  I�� l ementat i on of the vacuum dry i n g  and catalyst add i t i on 

p roces s  at TM I s ucces sfu l l y  demonstrated rad i o l yt i c  gas control by 

recomb i nat i on for the vesse l w i th the h i ghest amount of  rad i oact i v i ty . 

Hydrogen and oxygen concentrat i on s  i n  each ves se l  were ma i nta i ned w i th i n  

acceptab l e  l i mi ts . A l l s h i pments comp l i ed  w i th federa l  regu l at i on s  and 

were conducted w i thout i nc i dent . 
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APPE ND I X  A 

GAS GE NERAT ION DATA 

GPU Nuc l ear i n i t i ated gas generat i on measurements i mmed i ate ly 

fol l ow i n g  remova l  of the f i rst SDS vesse l  from the waste proces s i ng trai n .  

A gas s ampl i n g  system was i n sta l l ed adj acent to the vesse l  storage area . 

Th i s  system con s i sted of a pressure gauge and s amp l e cyl i nder i nsta l l ed 

between the ves se l  vent h ose  and the SDS off gas system ( see F i gures 4 
and 5 i n  the ma i n  body of the text ) . The gas col l ected i n  the samp l e 

cyl i nder was ana lyzea u s i ng the p l ant gas chromatograph . As  the test i ng 

progres sed , the h i ghes t and l owest cur i e  l oaded ves se l s  ava i l ab l e  at the 

t i me were sel ected for test i n g .  Severa l  vesse l s were tested i n  

nondewatered and dewatered s tates . After the ves se l  was connected to th e 

g as s ampl i n g  system, the  gas press ure r i se and the vo i d vo l ume for the 

ves se l  were determ ined .  P er i od i c  s amp l es drawn through the  samp l e  cyl i nder 

were u sed to determi ne  the  gas compos i t i on .  

The fo l l ow i n g  data res u l ted from these measurements : 

1 .  F i gure 6 i n  the mai n body of the text s hows gas generat i on rate 

versu s  cur i e  conten t .  The gas generat i on rate i s  proport i on a l  to 

c ur i e  content ( negl ect i ng s econd order effects s uch as oxygen 

absorpt i on ) and was est i mated to be 0 .0 1  cc/h-C i . 

2 .  F i gure 7 i n  the mai n  body of the text p l ots  the measured gas 

generat i on rate (on a per cur i e  bas i s ) aga i n s t  the best est i mate 

of  res i dua l  water i n  the vesse l . Gas generat i on i s  somewhat 

proport i on a l  to water content for the range of 2 .8 to 5 . 2  ft3 • 

3 .  Tab l e  A- 1 l i st s  the average observed gas generat i on rate 

( averaged over the ent i re observati on t i me ) . Al s o  l i sted are the 

observed H2Jo2 r at i os ( averaged over the co l l ected s amp l es ) 
and the observed peak H2 and o2 concentrat i on s .  Severa l  

i tems are worth  not i ng .  
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TABLE A- 1 .  HAO IOLYT I C  GAS GE NERATION  I N  SDS VE SSE LS 

C s  & Sr Average 
Approx i mate Gas Vo i d Average Observed  Peak Observed Ob serve d  

Act i v i ty Vo l ume Vesse l  Gas  Generat i on Rate Gas Vol . P ercenta Mol e  Rat i o 

Vesse l ( c i ) ( ft3 ) Cond i t i on ( es i g/h ) ( c c/ h )  H2 
02 

( H2/02 ) 

D l  00 1 1 46 , 000 2 . 24  Wet 0 . 1 40 5 59  74  2 1  3 . 2  
46 , 000 4 . 0  Oewatered 0 . 0589 42 1 60 22 . 6  t. . 7  

0 1 001 2 59 , 000 3 . 0  Oewatered 0 . 1 1 4 6 1 3  84 1 6  5 . 2 

):::> 0 100 1 3  5 1 , 000 3 . 4  Dewatered 0 . 0688 4 1 8  72 . 6  25 . 3  2 . 9  
I 

� 
0 1 00 1 5  6 , 800 4 . 0  Oewatered 0 . 00487 33 8 . 1  0 I nf i n i ty 

U l00 1 6  59 , 000 4 . 4  Oewatered 0 . 06 1 476  70  24  2 . 8  

020028 45 , 000 4 . 6  Oewatered 0 . 0430 353 3 . 7  

k 

a.  Ba l ance i s  N2 · 
f. 
I 

\ 
I 
I 



F i rst , the gas generat i on rate i s  ca l c u l ated from the measure d 

pres s ure r i se r ate and meas urea vesse l  v o l ume ( determi ned by 

measur i n g  the press ure drop assoc i ated w i th draw i n g  mu l t i p l e  

s amp l e  cyl i nder gas v o l umes ) u s i ng the  ass umpt i on s  of the perfect 

gas l aw ,  Henry ' s  l aw ,  an d i sotherma l cond i t i on s . The pressure  

meas urements and  ana lyses req u i red to obta i n  the gas generat i on 

va l ues  reported h ere i n  are est imated to  h av e  an accuracy of  p l u s  

or m i nus  20% . The ass umpt i on s  us�d i n  these an a l ys es wou l d  tend 

to p l ace the reported va l ues i n  the l ower port i on of the 

e s t i mated error b an d .  The gas generat i on rates  l i s ted  i n  

Tab l e  A- 1 may b e  20% l ow .  

Second , rad i o l ys i s  g as i s  pure H
2 

and o2 • A s  s uch , peak H
2 

and o2 gas concentrat i on s  are funct i on s  of the test t i me an d 

n umber of s amp l es wi thdrawn . The test pres s ure was l i m i ted to 

10  ps i g .  The test procedure res u l ted i n  frequent ves s e l  vent i n g  

t o  atmos phere wh i ch reduced the i nven tory of N
2 

and enh anced 

H2 and 02 concentrat i on s .  

Th i rd ,  the  gas that accumu l ated i n  vesse l  0 1 00 1 5  was pr i mar i l y  

hydrogen ( see Tab l e  A- 1 ) .  A scrap of  p l as t i c { a  p i pe e n d  cover ) 

w as found i n  th i s  vesse l  dur i ng the v i tr i f i cat i on proces s . I t  

appeared that rad i o l yt i c  oxygen  comb i ned w i th th i s  organ i c  

mater i al as i t  decomposed . Th i s  i s  con s i stent  w i th observat i on s  

of other vesse l s  conta i n i ng wet , rad i oact i ve ,  org an i c  

t . 1 1 1  
rna en a s .  

4 .  F i gure A- 1 p l ots  the recorded exper i mental  data taken on  ves s e l  

0 1 00 1 1 ( dewatered ) . Other vessel s had  s i mi l ar gas  generat i on 

propert i es ,  as s ummar i zed i n  Tab l e  A-1 . 
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F i gure A-1 . SDS vessel  0 100 1 1 g as generat i on dewatered . 



I n  conc l us 1 on ,  a f u l l y  l oaded SDS ves s e l  ( 59 , 000 C i  of ces i um an d 

s tron t i um )  generates between aDout 500 and 700 cc/h of r ad i o l yt i c  gases . 

The gas  generat i on rate i s  somewh dt dependent on the amount of  res i du a l  

w ater i n  the ves se l  after dr i p  dry i n g .  The generat i on rate wou l d  decrease 

as water i s  rad i o l yt i ca l l y  decomposed or evaporated from the upper part of 

the bed where mos t  of the rad i oact i ve ces i um and stront i um i sotopes are 

l ocated . These resu l t s are i n  bas i c  agreement w i th the prev i ous l y  

p ub l i shed data o f  1 . 8 c c/ h/ W wh i ch equates t o  about 520 cc/h a t  5 9 , 000 C i  

of ces i um an d s tront i um ( 289 W ) . 1 2  
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APPE ND IX  B 
ALTERNAT I VE S  FOR PRE PAR I NG SDS VE SSE LS FOR SH I PME N T  

l .  Kemove the water by rad i at i on decompos i t i on .  

2 .  Pres sur i ze ves se l  w i th i nert cover gas . 

3 .  Pressur i ze vesse l  w i th hydrogen a l one  or hydrogen-CO mi xture . 

4 .  F i l l  w i th �orne other l i qu i d  wh i ch conta i n s  n o  hydroger • •  

5 .  Put  a s tr i p  or gra i ns of hydrogen recc .�b i ner cata lys t  on the bed 

s urface or e l sewhere i n  the upper vesse l . 

6 .  Add an ox i d i zer to the beu . 

7 .  Remove the water by a i r  f l ow at essent i a l l y  poo l temperature .  

8 .  Remove the  water by vacuum pump i ng . 

9 .  P rov i de an i nert s torage d i l ut i on vesse l . 

1 0 .  Comb i nat i on o f  # 2  and #9 . 

1 1 .  Remove ( separate ) oxygen from ex-vessel  port i on of gas i n  #9 and # 1 0 .  

1 2 .  Remove w i th  a i r  f l ow a t  h i gher temperature . 

1 3 .  Comb i n at i on of #8 and # 1 2 .  

1 4 .  Use  an ex i t i n g  gas i n  #2 , #9 , # 1 0 ,  and/or # 1 1 .  

1 5 . Dryi ng  and/or e l ut i on of the  res i n  by a gas other than a i r .  
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APPE ND I X  C 

P I P I NG AND I NSTRUME NTAT ION  D IAGRAM FOR 

SUS L I NE R  VACUUM OUTGASS I NG AND DRY I NG SYSTE M  
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