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1.0 INTRODUCT ION 

The product i on of f l ammab l e  gases by the rad i olys i s  of water anJ 
organ i c  mater i al s i s  fai r l y  we l l  understood . The qas produced i s  
proport i onal to the amount of i onizi ng rad i at i on absorbed by the water or 
the organ i c  materi al . Therefore , i n  c l osed systems contai ni ng organi c  or 
wet rad i oact i ve matet· i al s ,  the bu i l dup of f l ammabl e  m i xtures of gases can be 
expected and has been observed . S i nce the presence of f l ammab l e  gases  poses  
a number of potP�t i al hazards , part i cu l arly where concentrat i ons m i ght  
become detonable , car�f�l eval uat ion and control of the handl i ng ,  s h i pp i ng ,  
storage , and d i sposal  of these materi al s  i s  e ssent i al i n  ensur i ng an 
acceptabl e degree of safety .  

The importance of f l ammab l e  gas control was h i gh l i ghted by t h e  mass i ve 
stab i l i zat i on and c l eanup operat i ons subsequent to the Three M i l e  I s l and 
Un i t  2 {TM I -2)  l oss-of-cool ant acc i dent (LOCA) . Dur i ng the f i rst day of the 
LOCA , the metal -water react i on in the reactor core cau sed hydrogen to bu i l d  
up  i n  the 5,700 m3 conta i nment bu i l d i ng. The hydrogen i ncreased to the 
po i nt where i t  i gni ted and burned ( Henr i e  and Postma 1983). Even though the 
contai nment gas pressure i ncreased to J30 p s i g ,  and the average gas 
temperature i ncreased to �1200° F for a short per iod ,  the conta inment 
bu i l d i ng w i th  i ts des i gn pressure of 60 ps i g  easily mai nta i ned i t s 
i ntegr i ty .  Hydrogen-oxygen recomb iners were used to remove most  { 122 k g )  of 
the rema i n i ng h)drogen from the system/bu i l d i ng .  

Over one-half-mi l l i on gal l ons of rad ioact i ve water accumu l ated i n  the 
contai nment bu i l d i ng dur i ng and subsequent to the TM I -2 LOCA . To remove the 
bu l k  of the rad i oact i ve mater i a l , the water was c i rcu l ated through a 
demi neral i zer system that was i nstal l ed i n  the TMI-2 spent fuel poo l . Th i s  
"submerged" demi nera l i zer system (SDS) co l l ected the ces i um and stront i um by 
adsorpt ion on mi xed zeol i tes (Qu i nn et a l . 1984). Rad i olyt i c  gas generat i on 
i n  several of the l oaded SDS vesse l s  was cal cul ated and then ver i f i ed 
{measured) to be between 0 . 5  aPd 1.0 L/h .  To prevent the bu i ldup of 
f l ammab l e  gas mi xtures dur i ng s h i pment and storage , the vesse l s were drai ned 
and vacuum pumped to remove the free , unbound water and a catalyst mater i al 
was remote l y  added to form a hydrogen-oxygen recomb i ner i n  each vesse l . 
A pressure re l i ef system , cons i st i ng of a burst d i aphragm and m i cropore 
graph i te f i l ter , was a l so added to each vessel  to prevent the uncontrol l ed 
l ong-term bu i l dup of nonrecomb i nabl e  gas m i xtures. Net hydrogen bu i l dup  can 
occur due to oxygen scavengi ng by var iou s  chemical  react i ons such as the 
format i on of CO and C02 from the ox i dat i on of organ i c  mater i al s ( l ubr i cat i ng 
o ils , etc . )  trapped by the zeoli tes . 

The can i sters p l anned for the transport of the TMI -2 core debri s  w i ll 
a lso be subject to radio lyt i c  gas generat i on concerns . The calcu l ated 
( probabl e-max imum) hydrogen-oxygen gas generation rate for these conta i ners 
i s  0.11 L/h for a can i ster l oaded wi th  fi ne ,  wet core debr i s (Henr i e  and 
Appe l  1985). Stud i es show that the removal of :-•nough water ft·om the core 
debri s to prevent s i gn i f i cant hydrogen generat i r)n wou l d  not be cost 
effect i ve ( th e  rad i olysis of 1 g of water produces 2 L of stoi c h i ometr i c  
hydrogen and oxygen).  Therefore , wet s h i pment and vented l ong-term storage 
pri or to u l t i mate disposal  i s  p l anned . 
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To ensure that f l ammab l e  gas mi xtures wi l l  not ex i st i n  these 
cani sters , Rockwe l l Hanford Operat i ons ( Rockwe l l }  conducted a demonstrat i on 
test program i n  support of the U.S. Department of Energy ( DOE ) ,  EG&G Idaho , 
Inc . , and GPU Nucl ear Corp . ,  to determ i ne wh i ch catalysts and bed 
conf igurat i ons wou l d  be acceptabl e and near opt imum under these wet 
cond i t i ons . These  stud i es demonstrated the s i mp l i c i ty and effectiveness of 
catalyt i c  recomb i nat i on of hydrogen and oxygen , even under very wet 
cond i t i ons . The sto i ch i ometric  react ion of these gases i n  the container 
atmosphere mai ntai ns the m in imum const i tuent ( e i ther hydrogen or oxygen )  
be l ow 1%, and ensures  that f l ammab l e  m i xtures (>4. 1% H2 and 5 . 0% 02 ) wi l l  
not be atta i ned. 

The U.S. Nucl ear Regu l atory Comm iss i on ( NRC ) Off i ce of Inspect i on and 
Enforcement ( I&E } has establ i shed requ i rements for the sh ipment of waste 
materi als subject to hydrogen gas generat i on (Jordan 1984) (see appendix A). 
Thi s I&E not i ce estab l i shes a safe-s h i pping t i me per iod that i s  tw i ce the 
expected sh i pp i ng and handl i ng per i od ( from can i ster purg i ng and closi ng to 
comp l et i on of sh i pment)  to ensure safety during shipment . Hydrogen and 
oxygen concentrations "must be determi ned by tests and measurement or by 
analysis of a representat i ve pack age . '' The concentrat i on of hydrogen gas 
must be l i mited to 5% by vo1ume ( or 0 . 063 g-mo l /ft3 when at pressures be l ow 
one atmosphere ) ,  or the concentrat i on of oxygen gas must be l i mited to 5% by 
vol ume . 

Th i s  document i s  i ntended to convey the pert i nent i nformation 
concerni ng the handl i ng and sh i pp i ng of wet rad i oact ive wastes which 
resu l ted { l essons l earned ) from the TMI-2 experi ence . It provides 
eng i neer i ng tool s ,  procedures9 and precaut i ons that are i ntended to ensure 
the safe hand l i ng ,  s h i pp i ng and 5torage of wet rad i oact i ve wastes. A step­
wi se procedure i s  presented that perm i t s  the  i nd i v i dual  invest igator �J 
eval uate the potent i al for f l ammabl e  gas generat i on ,  and to m i n i m i ze 
potent i al hazards , wi th the i ntent of meet i ng the referenced NRC 
requ i rements .  
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2.0 EVALUATI NG SPECIFIC PROBLEMS 

Th i s  sect i on d i scusses factors to be cons idered i n  devel op i ng a course 
of action that wi l l  ensure safe storage and transport re l at i ve to rad io lytic 
gas generat i on .  Detai l ed mathemat i ca l  pred i c t i ons of rad i olyt i c  gas 
generat i on are reported i n  F l aherty et dl . 1985 , and are i ntent i onal ly 
l im i ted i n  the current treatment . Rel i abl e emp i r i ca l  data or d i rect 
measurement , i f  ava i l ab l e, shou l d  supersede a theoreti cal approach .  
A number' of references to documents on theory and pri or· l aboratory work al·e 
prov i ded for further study as des i red . The emp i r i ca l  approach usual ly 
s i mpl i f ies the task and i s  espec i al ly val uab l e  where a qu i ck response to a 
s i tuat i on i s  prudent . In a h i gh percentage of contai ners of l ow- l evel 
waste , gas generat i on rates wi l l  be found to be l ow enough to a l l ow shi pment 
wi thout any correct i ve act i on requ i red . Converse l y ,  wet h i g h- l evel  and 
abnorma 1 wa,ste may be expected to generate gases at potent i al l y  haznrdous 
rates . 

2. 1 GAS SOURCES 

There are two major sources of f l ammabl e  gas generati on: 1 )  r·eact i on 
bet�t{een meta l s and water , wh i ch takes oxygen from the water to oxidi ze the 
metal  and re l eases the rema i n i ng hydrogen as gas; and 2} l ong-term exposure 
of water or organi c  mater1al s  to i oni z i ng rad i at i on ( rad i olys i s ) , wh i ch 
prov i des  the major source of f l ammab l e  gases considered i n  t h i s report . 

2 . 1 . 1  Metal -Water and Other React ions -·�--

Metal -water react ions fol l ow the general equat i on :  

nM + pH20+{M} n ( O ) p  + pH2 

where 
M = metal i nvol ved in  the react ion 

n and p = i nteger val ues based on the val ence change i n  the metal . 
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Thi s  react i on i s  typ i f i ed by the fol l owing reaction of i ron: 

Metal -water react i ons occur ing at near-amb i ent cond i t i ons are general ly 
s l ow and sel f- l imi t i ng for most structural metal s and become s i gni f i cant 
only at extreme temperatures . These reactions are not s i gn i f i cant under 
mos t  storage/transportat i on cond i tions and can u sua l ly be i gnored . However, 
under certai n ( poorly defi ned ) adverse cond i t i ons i nvol v i ng organ i c  materi a l s  
and corro s i ve metal s ,  thermal /rad i olyt i c  degredat i on may resu l t  i n  
excepti onal l y  h i gh gas product i on .  Therefore, the investi gator shou l d  be 
assured of the fol l owing conditions .  

o The contai ner and contents have not been exposed to temperatur·es 
s i gn i f i cant ly i n  excess of ambi ent cond i t i ons dur i ng the seal ed 
l i fet i me .  

o The waste package does not i nc l ude f i nely d i v i ded or h i gh ly 
react i ve metals  �Jch as sod i um, magnes i um, al umi num, l i th i um, z i nc 
or z i rconi um, or corros i ve l i qu i d s .  

I f  these cond i t ions are not met, some estimate of potent i al metal -water 
reacti ons or corros i ve generat i on of gases s hou l d  be made . I f  these 
cond i t i ons are met, i t  can be assumed that no s i gn i f i cant corros i ve react i on 
has occurred . 

2 . 1 . 2  Rad i o lys i s  

The mos t  i mportant source of hydrogen-oxygen generat ion for typ i cal  wet 
rad i oact i ve waste storage and s h i pp i ng i s  rad i o lys i s .  When water or organ i c  
mater i a l s are brought i nto pro l onged contact o r  prox i m i ty to sources of 
al pha ( a ) , beta (s),  or gamma (y)  rad i at i on, rad i ol ys i s  wi l l  occur . These 
cond i t i ons are present i n  a s i gn i f i cant fract i on of rad i oact i ve waste 
contai ners . For further i nformat i on concerni ng rad i olysi s, see sect i on 3 . 0 .  

2.2 CONTAINER-BY-CONTAINER SOLUTION VERSUS GENERIC SOLUTION 

An overv i ew approach to the spec i f i c  task s hou l d  be taken to determi ne 
i f  a contai ner-by-contai ner so l u t i on i s  preferred to a generi c  sol ut ion . 
Many contai ners may requ i re l i tt l e  eva l uat i on and no correct i ve act i on to 
ensure that no f l ammab l e  gas hazard ex i sts . A l i mi ted number may requ i re 
spec i al care and des i gn to ensure safety . 

Conversel y, economi es of scal e  may app l y .  Where the contai ners and 
contents are s i m i l ar, generi c  sol u t i ons can be safe and cost effect i ve .  
Gener i c  safety features shou l d  have conservati ve and redundant qual i t ies 
that are forg i v i ng of a w i de range of cond i t i on s .  The generi c  approach of a 
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gas purge , fol l owed by the i nstal l at i on of a hydrogen-oxygen recombiner on 
a l l contai ners , may be l ess  expens i ve than a case-by-case eval ua•.i on/act i on 
approach .  For examp l e ,  a simp l e  catalyst bed and drum vent des i gn 
(fig. 2-1) has been u sed successfu l ly (2,000 per year) for several years fo� 
the storage of rad i oact i ve waste at Rockwel l .  

The approach sel ected wi l l  depend upon the spec i f i cs of e��h s i tuat i on ,  
the purpose of the eva luat i on ( storage , s h ipping ,  o r  other) , and t he opt i ons 
open to the investi gator . The fol low:ng sections and references wi l l  a id  i n  
mak ing these deci s i ons . 

2.3 EVALUATION 

The rad i olys i s  processes are shown i n  f i gure 2-2. A rev i ew of the 
spec i f i c  case shou l d  i nd i cate wh i ch of these reacti on steps are predominate . 
F i gure 2-3 i s  a funct i onal l og i c  d i agram that describes the necessnry steps 
for conduct i ng orderl y ,  detai l ed evaluat i ons and for tak i ng correct i ve 
act ions pri or to sh i pping .  

The data col l ect i on and computat i on steps descri bed i n  subsequent 
sect i ons and out l ined i n  fi gure 2-3 should  be conducted iterat i vely to : 

• Eva1uate ex i st i ng cond i t i ons and hazards 

• Screen poss i bl e  corrP.ct i ve actions that wou l d  reduce ri sk  or 
el im inate hazards 

• Eval uate sel ected correct i ve act i ons in  detai l 

• Eval uate the resu l ts after tak i ng the correct i ve act i on.  

Th i s  i terat i ve approach i s  espec i a l ly  important in performi ng 
cal cu l at i ons pertain ing to the two key hazard s ,  f l ammab i l i ty and 
overpressuri zation . These two hazards are i nseparably l i nked and correct ion 
of one may accel erate prob l ems with  the other . The invest i gator must 
provi de assuranc2 t hat both hazards have been corrected s imu l taneous ly .  

2.4 ENGINEERING METHODS AND PROCEDURES 

Methods for ass2ss i ng potent i al ly  hazardous s i tuat i ons and speci fic 
procedures for correct i ve act i ons are requ i red at faci l i t i es wi th  
potent i al l y  hazardous rad i oact i ve waste containers .  These methods and 
correct i ve acti ons , wni ch shou l d  be easy to understand and pri ori t i zed to 
ensure t i mely i mplementati on ,  shou l d  i nc l ude t he fol l owing :  

1 .  Screening procedures inc lud ing :  

� Methods of comput ing gas (H2, 02) generat i on rates 

� Methods of confi rming gas generat i on rates . 
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2. Correcti ve procedures incl uding ,  as a m in imum: 

• Venti ng the gases 

• Di l ut ing wi th  inert gases 

• Us ing hydrogen-oxygen recombiners . 

3. Preventat i ve act ions inc l ud ing :  

• Reducing the ex i st i ng gas generat i on rate 

• Provid ing admini strat i ve control s  

• Add i ng hydrogen-oxygen recombi ners to new ves sel s pri or to 
l oad ing wi th wet wastes . 

4. Confi rming consu l tati ons wh i ch i nc l ude a b ib l i ography of rel ated 
research and appl i cation reports and a l i st i ng of researchers and 
l aboratori es knowledgeabl e  in  speci f i c  control  techno l og ies . 
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where 

3.0 RADIOLYTIC  GAS GENERATION 

The bas i c  equati on for comput i ng rad i olyt i c  gas generat ion i s :  

gas generated = E x F x G x C 

E = the total  i on i z i ng rad i at ion energy wi th i n  the contai ner , 

F = the fract ion of the total i onizi ng rad i at ion that i s  
absorbed by the target { hydrogen-contai n i ng mater i al ) ,  

G = the number of mo l ecu l es of gas generated per uni t 
( 100 eV) of ionizi ng rad i at i on absorbed by the target mater i a l , and 

C = a convers i on factor based on the un its  of �Pasurement . 

In u s i ng th i s  equation,  the i nvesti gator shou l d  attempt to i dent i fy 
emp i r i cal data re l ated to the spec i f i c  cond i tions . Good storage records or 
measurements of the total i onizi ng energy { E )  are of key importance . 
Frequent l y ,  a l l of the needed parameters are not known and some est i mates (espec i al ly  for the F factor and G value)  mu st be made. Sect i on 5. 2 
prov ides  gu i des for obtai n i ng ,  deve l op i ng or est imat i ng these. parameters . 
Tab l e  3- 1 prov i de s  a l i st i ng of the avai l abl e techni ques for determi n i ng 
each of these val ues . 

I n  add i t i on ,  other parameters may be required or wi l l  be of val ue  i n  
determi n i ng the safety of each contai ner and i nc l ude the fo l low i ng i tems , 
wh i ch are d i scu ssed i n  detai l i n  sect ion 5.0: 

� V = Vo i d  vol ume of the contai ner {the vol ume occup i ed only by 
gases or vapor) 

e P = Contai ner pressure . Pressure measurements and pressure 
change over t ime can prov i de val uabl e i nformat i on concern i ng 
actual gas bu i l dup wh i ch has occurred , and the rate at wh i ch 
i t  i s  bu i l d i ng up 

• t = Time of storage and transport . Duri ng th i s  per iod ,  the 
contai ner i s  c l osed and gas pressure can i ncrease 

• T = Temperature . Measured temperatures may be used i n  
conjuncti on with  pres sures and void  vol ume to ass i st i n  
determi n i ng gas generat ion rates . In some cases , cal orimetry 
techni ques may be the only  source of rad i oact i ve waste 
l oad i ng estimates 

• M = Total mass of waste i n  the contai ner . Usual ly , mass data i s  
part of the admi n i strat i ve records . 
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Factor 

Gas generated 
i n  t i 1ne , t 

E ,  total ion iz ing 
energy i n  t i me ,  t 

F ,  fracti on of 
energy absorbed 
by target mater i al 

G ,  gas formed per 
uni t of ene!"'gy 
absorbed 

C ,  convers i on 
factor 

Tab l e  3-1. 

Units 

Li ters (L) 

Watt-hour,  
jou les (J) , 
greys (Gy)  

Un i t  less  

Mol ecu les/ 
100 eV 

Based on 
un its  of E 

1. 

2. 

1 .  

2. 

3. 

4. 

1 .  

2. 

1 .  

2 . 

Methods Table . 

Methods 

Physi cal measurement 
and analys i s  
Compute from E, F ,  and 
G data .  

Compute from known 
i sotop i c  content 
Compute from measured 
source terms 
Estimate from compar-
abl e  cases 
Est i mate by cal orim-
etry means . 

Estimate based on 
comparab l e  cases 
Estimate based on 
rad i at i on types, 
energ ies, waste par-
t i cl e  s i ze, quan i t i -
t i es of target water 
or organi c  material s 
exposed, quanti t i es 
of nonhydrogen-
generat i ng mater ia ls  
(absorbers ),  and waste 
contai ner s i ze and 
shape . 

Use previ ous ly veri-
f ied ( tested ) val ues 
Use val ues from com-
parabl e  cases, wi th 
correcti ons for back 
react ions based on 
chemical makeup .  

1 J = 1 watt-second 
1 Gy = 100 rads 

Reference 

Sect i on 5 . 2 

Sections 5 . 2, 5 . 3  

Sect i on 5 . 2 . 2 . 1  

Secti on 4.4 

Section 5 . 2 . 2 . 8  

Section 4.0 

Sections 4.0, 
5 . 2 . 2 . 3  

Sect ion 4. 0 

= 1 J/kg 
100 ev = 1 . 602 x 1o-17  J 

1 L = 2 . 688 x 1o22 molecu l es 
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4.0 EMPIRICAL GAS GENERATI ON DATA 

Thi s  sect i on presents TMI -2 and other avai l ab l e  gas generat ion  test 
data whi ch are reduced to the F factors and G val ues  d i scu ssed i n  
section 3 . 0 .  I n  some i nstances , the data are presented onl y  i n  the comb i ned 
form , F· G (T) , whi ch represents the tota l  net gas generat ion i n  mo l ecu l es per 
100 eV of i onizi ng rad i at i on produced . Th i s  genera l ly  mecns that the  test 
data i s  not compl ete enough to separate the F factor and ( val ue and the 
total gas generated has not been di v i ded i nto each of i t s const i tuents ( H2 , 
02 , CO , C02 , etc . ) .  

4.1 THREE MILE ISLAND UNIT 2 SUBMERGED DEMINERALIZER SYSTEM VESSELS 

The data  obtai ned from the cesi um-and stront i um- l oaded TM I -2 
SDS vesse l s ,  ori g i na l ly  eva l u ated and reported i n  Qu i nn et a l . 1984, has 
been reeval uated . The reeval uat ion ut i l i zes  new vo i d-vol ume ca l cu l at i ons 
that are based on can i ster we i gh i ngs dur i ng the f i na l  dewater i ng and vacuum­
dryi ng process and i nd i cate that the voi d  vol umes at the t ime the gas 
generat ion tests were made were 15% h i gher , on the average , than those 
cal cu l ated earl i er .  On th i s  bas i s ,  generat ion rates reported in tab l e  4-1 
1verage 15% h i gher than those reported ear l i er .  

Another potent ia l  correction,  wh i ch cou l d  further i ncrease generat i on 
rates , wou l d  compensate for the oxygen that was apparent l y  consumed . An 
eva luat i on of al l of the SOS gas ana lys i s  data avai l ab l e  i nd i cates that the 
total vol ume fract ion of a l l of the other gases (mostly C02) generated was 
l ess than the oxygen wh ich was depl eted . It can be conc l uded that the 
F · G {T} val ue s  deri ved from the SDS data are on the l ow s i de and can a l so be 
cons i dered to be F ·G CH2 + 02) val ues , wh i ch are a l so on the l ow s i de. { I n 
cons i der i ng this conc l u s i on , note al so that s i nce the tests were conducted 
at pressures above atmospheri c ,  compensat i on for any l eaks wou l d  be i n  the 
direct ion of further i ncreas i ng gas generat ion rate s . )  Therefore , the  
F ·G{T}  val ues in  tab l e  4-1 are p l otted in  fi gure 4-1 as F · G  { H2 + 02 ) val ues 
and are cons idered to be s l i ght ly  on the l ow s i de of actua l . 

There are �143 kg of zeo l i te (comp l ete l y  dry bas i s )  i n  each of the 
SOS vesse l s .  The amount of water in and around the zeol i te dur i ng t he 
rad i olyt i c  gas generat ion tests ranged from 28 to 103 k g .  It  appears that 
rad i olyt i c  gas generat ion rates are not h i gh ly  dependent on the quant i ty of 
water i n  th i s  range (see f i g .  4-1 ) . The three data po i nts  for ves s e l  010013 
i nd i cate essent i a l ly  no reduct i on i n  F ·G val ue even though the amou nt of 
water i n  the zeo l i te was reduced from 101 to 28 L by vacuum pump i ng .  Of 
course, if the water i s  reduced to zero , the F · G  ( H2 + 02 ) val ue wou l d  be 
zero . Therefore, it i s  rea l ly  the F factor { the fraction of the total 
ioni z i ng rad i at ion absorbed by the water) that goes to zero . The G ( H2 + 
02} val ue i s  consi dered to be a constant (0. 66) for beta and gamma radi at i on 
under cond i t i ons where back react ions are not occurr i ng .  Back reacti ons are 
enhanced by the presence of excess  hydrogen , chemi cal s  such as n i trate s , and 
pa�t i cu l ar l y  nitri tes . For t he SDS vesse l s ,  the average F· G ( H2 + 02) 
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Table 4- 1. Radiolytic Gas Generation in Loaded Three Mile Island Unit 2 
Submerged Demineralized S1stem Vesse]�e 

DeCB.Y Water Vessel Date Test Load1(i Gas (vo1d) 
number ended ( kC1) ) heat 1nventory (L} (W} {L) 

D10011 January 12, 88.2 223 81 129 
1982 

D10012 December 22, 112.6 283 103 107 
1981 

D10012 December 26, 112.6 283 103 107 
1981 

D10013 Dece111ber 1981 97.2 246 101 109 
(approx. ) 

D10013 January 26, 97.2 246 101 109 
1983 

010013 February 6, 97.2 246 28 182 
1983 

D10015 December 1981 12.9 34 83 127 
(approx.} 

D10016 December 1981 112.6 283 66 144 
(approx . )  

D20028 January 1982 R6.3 216 64 146 
(approx.) 

Average 85.0 214 77 133 

(a)calculated at t1me of sh1pment and includes daughter products. 
(b)No oxygen (chem1cally consumed). 

· 

Pressure r1se 
rat� 

(lb/1n /h} 

0.059 

0.15 

0.11 

0.069 

0.0861 

0.043 

0.005 

0.061 

0.042 

0.061 

Gas generat1on rate 

(cm3/h} (cm3/h-kC1) 

481 5.5 

1,013 9.0 

744 6.6 

475 4.9 

593 6.1 

488 5.0 

40 3.1 

555 4.9 

378 4.4 

475 5.6 

F•G(T) 
mol. 

100 eV 

.26 

.43 

.31 

.23 

.29 

.24 

.14(b} 

.23 

.21 

.26 
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i s  0.26. Assumi ng a G (H2 + 02 ) val ue of 0 . 66 ,  the F factor would be �0 . 40 .  
Such a h i gh val ue for F for the typi cal  SDS vessel would not be i ntu i t i vely 
assumed for the fol l owi ng reasons : 

• Most of tht! i on i z i ng rad i at i on i s  0 . 6  MeV gamma from 137Cs .  
Therefore, some s i gn i f i cant fract i on would escape from the water 
and zeol i tE! in the 0.6 m i n d i a .  by 1 . 2-m-h igh  ves sel . 

• The 143 kg of zeoli te would be expected to absorb more beta and 
gamma radi ctt i on than the 77-kg  average water i nventory i n  an 
SDS vessel .. 

Howevet·, the dhsol ved rad i onucl i des are i n  d i rect contact w ith  the 
water on a molecu l ar bas i s ,  and some of the i oniz i ng rad i at i on is beta and 
soft gamma. Apparently for these reasons , �40% of the i on i z i ng rad i at i on i s  
bei ng absorbed by the water. 

I t  i s  postulated that i n  the stored , upright cond i t i on of the 
SDS vessel s ,  gas generat i on rates decrease s i gn i f i cantly wi th t i me for the 
followi ng reasons : 

• Water i s  dr i ven from the upper fract ion of the zeol ite , where most 
of the rad i o i sotope source i s  located, as a result of thermal 
heat i ng and evaporat i on .  Th i s  water condenses on the relat i vely 
cold surfaces of the vessel and dra i ns toward the bottom . 

• Water i n  the h i g h-rad i at i on zone i s  also rad i olyti cally 
decomposed . The result i ng hydrogen and oxygen gases d i ffuse to 
the catalyst bed and are recomb i ned back into water vapor that 
d i ffuses to col d surfaces ,  condenses and dra i ns toward the bottom. 

Therefore, even though no water i s  lost from the system , i t  i s  
red i stri buted from where i t  was i n  close , molecular contact w ith  a h i g h 
concentrat i on of rad i o i sotopes to a lower rad i at i on zone near the bottom of 
the vessel ,  thereby reduc i ng the h i gh i n i t i al F factor . However , there i s  a 
s trong aff i n i ty of zeoli tes for water and the w ick i ng and vapor transport of 
water back to the zeol i te results i n  a relati vely h i gh equ i l i br ium water 
content i n  the zeol i te .  Of cou rse , the rad ioact i ve source energy , E, 
decreases wi th t i me as a result of the i nherent decay characteri st ics  of t he 
rad i o i sotopes . 

4.2 GROUT MATERIALS 

Recent experi mental data have become avai lab l e  (Fri edman et al. 1985; 
S i sco 1983) concern i ng rad i olyt i c  gas generat i on i n  grouts be i ng developed 
for Hanford rad i oact i ve waste i mmob il i zat i on ,  and i n  grout be i ng used for 
neutron moderat ion and absorpt i on i n  the TM I-2  core debr i s s h i pp i ng cask . 
These data are summari zed i n  table 4-2 .  
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Table 4-2 . Rad i olyt i c  Gas Generat i on i n  Grout Mater i als Used 
for Waste Immobil i zat ion or Neutron Sh i eld i ng .  

Mater i al Test Rad i at i on Total do"e F · G {T)  
spec i men no . source {rad . ) (mo 1 . / 100 eV) 

CAw{ a , b )  1 Alpha 4 . 2  E+09 0 . 32 
CAw ( a ,  b )  2 Alpha 4 . 3  E+09 0 . 43 
CAH ( a , b )  3 Alpha 4.3  E+09 0 . 36 
cAw (a , b) 4 A lp'na 3 . 0  E+09 0 . 55 
CAw(a , b , c) 5&6 A lpha 4 . 2  E+09 0.00 
CAw ( a ,  b )  7 Alpha 4 . 8  E+09 0 . 43 
CAw( a ,  b )  8 Alpha 3 . 0  E-+09 0 . 41 

oss ( b , d }  9 Alpha 4 . 6  E+09 0 . 094 
oss ( b , d }  10 Alpha 4 . 6  E+09 0.15  

oss ( b , e }  1 Gamma 1 . 2 E+08 0 .. 018 
oss ( b , e )  2 Gamma 1 .  9 E+08 0.016  
oss ( b , e )  3 Gamma 1 . 9 E+08 0 . 019 

B i sco NS-3 ( f , g )  AV Gamma 3 . 1 E+09 0 . 56 
B i sco NS-3( f , g }  AV Gamma 7 . 6  E+09 0 . 29 
B i sco NS-3 ( f , g )  AV Gamma 1 . 5  E+lO 0 . 1 4 

(a )synthet i c  Hanford current ac i d  waste ( CAW) w ith  cur i um added i n  
solu t i on form t o  act a s  t h e  rad i at i on source . Contai ns 0 . 16M 
NaN03 . 

( b )Friedman et a l . 1985 . 
( c )ori ed by heat i ng to 140 ac for 7 days . 
( d }synthet i c  Hanford d�uble- shell slurry (OSS} w i th curi um added i n  

solu t i on form to act as the rad i at i on source . Contai ns 2M N aNOJ 
and 1 . 6M NaN02 . 

( e )synthet i c  Hanford double-shell slurry ( DSS)  subjected to gamma 
rad i at i on from a 60co source . Contai ns 2M NaN03 and 1 . 6M N aN02 . 

( f )A boron-conta i n i ng grout m i x  used pri mar ily for neutron 
mod��ation and ab�o�ption in th� TMI co�� d�b�i� �nipping ca�k­
The data shown are the average of 3 samples tested i n  a nucl ear 
reactor . The rad i olys i s  contri bu t i on from neutrons ( 6%)  was 
subtracted from the tota l . 

( g ) B i sco 1983. 
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Grout test speci mens 1 thrJugh 8 (tabl e  4-2) contai n synthet i c  Hanford 
current acid waste (C, . and u t i l i ze 244cm as the source of i on i zing 
rad iat i on .  Curi um i s  an alpha emi tter and a l pha parti cles have a h i gh 
li near energy transfer (LET) type of ionizing radiation , which means i t  
deposits energy at a h igh rate a l ong a relat i vely short track . H i gh LET 
rad iat i on causes  a h i gh rel at i ve bio l og i ca l  effect { RBE ) and s im i l ar l y ,  a 
high G value i n  water rad i o l ys i s .  S i nce the curi um i s  i n  the grout i n  
solution rather than i n  par·t i cu l ate form , the a l pha-emitt i ng mo l ecu l es are 
in d i rect contact w i th  the water molecu l es .  Under these cond i t i ons , the 
h i gh LET alpha rad i at i on results i n  a h i gh F factor . Wi th F and G both 
bei ng h i gh, the gas generation rates are h i g h .  The average F · G (T )  for the 
alpha-bearing CAW solut i on i n  grout i s  0 . 42 .  For F = 1 ,  its h i ghest 
pos s i ble valu e ,  G (T )  = 0 . 42 ,  i ts l owest va l u e .  For F = 0 . 5, which i s  l i ke l y  
even though t h e  grout contai ns only 40% water by weight ,  G (T )  = 0 . 84 , wh ich 
i s  reasonab l e  for al pha.  An analys i s  of the gas generated shows i t  is 
e s sent i a l ly a ll  hydrogen and oxygen i n  the 2-to-1 rat i o ,  and therefore 
G(H2 + 02) = G (T) . 

Grout test spec i mens 9 and 10 contain synthetic Hanford doubl e-shel l 
s l urry (OSS ) solut i on and a l so use 244cm as the source of i onizing 
radiation . The i nformat i on from these tests i s  not as conclusi ve as that 
from the alpha CAW tests. The data from each test run , except for the l ast 
test of spec i men 10 , i nd i cate gas l eaks from the test contai nments . A l so ,  
the gas analyses are i ncons istent . Assumi ng that the l ast test of spec i men 
10 is valid , and it appears to be) F·G (T) is 0.15. Aga i n  assum i ng that the 
most l i kely F factor i s  �o . 5 ,  the G (T) va l ue woul d be 0 . 30 .  Th i s  l ower 
G val ue i s  probably the resu l t of the 1 . 6M sod i um n i tri te in the 
OSS solution .  

-

The three gas generation tests of grouts util i z i ng synthetic Hanford 
DSS and gamma rad i at i on from a 60co source are qui te consistent i n  
ind i cat i ng an F·G (T)  of �0 . 020 . The gas anal yses show that oxygen i s  
consumed and that N20 is formed. S i nce the we i ght fract i o n  o f  water i n  the 
grout is  �o . 4 ,  and the total  absorbed gamma energy is obtai ned from mass­
based cal cu l at i ons ,  i t  is  rensonabl e  to set F at 0 . 4 .  This resul ts in a 
G (T)  value of 0.05. I t  i s  be l i eved that the presence of jOd i um n i tr i te i n  
the DSS caused th is  depressed G va l ue and was d i rect ly i nvolved i n  the 
format i on of the N20 .  

The data from three rad i o l yt i c  gas generat i on tests of the B i sco 
NS-3 grout (used for neutron absorpt ion i n  the TM I-2 core debri s  cask ) are 
very consistent and therefore , only the average resul ts were reported i n  
table  4-2 . These data show that the F·G (T)  va l ue decreased signif i cant ly 
with  tota l - i ntegrated dose. This reduction is much more than can be 
a�:COIJnted for by 1 ass of water . The gas ana l yses show that the oxygen is  
depleted and l arge quant i ties of  carbon monox i de and smal l er amounts of 
other gases are formed . At 109 rad, the F·G (T)  value is �o . 6 .  Since this 
grout is �40% water on a weight bas i s ,  and the gamma dose cal cu l ations are 
on a mass basi s ,  the appropri ate val ue for F appears to be 0.4 . On th i s  
bc;.sis, ti-lt:> G (T}  value wou l d  be 1 . 5 .  Th i s  except i onal l y  h i gh v a l ue and the 
gas anal ysis data i nd i cate that organi c  materi a l s  are present wh i ch 
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radi o lyt i cal ly decompose and generate gas . The reduct i on i n  gas generati on 
rate with  accumu l ated dose may be the resu l t  of the dep l et i on of the organ i c  
mater i a l s  and water and back react ions caused by the i ncreased hydrogen 
overpressure . 

Only l imi ted data was avai l ab l e  from the l i terature on other grout s  and 
are shown i n  f i gure 4-2 wi th G(H2) p l otted agai nst the water content . The 
dashed l i ne represents only the general re l at i onsh i p  for the grouts  tested . 
Due to the wi de vari ety of formu l at i ons , i mpur i ties , organ i c  material s, 
potenti al back reacti ons, s h ie l d i ng dens i t i es ,  water-retent i on propert i es of 
the grouts , an� d i fferences between waste source s ,  the i nvest i gator shou l d  
make conservative assumpt i ons or generate test data spec i f i c  to the 
grout/waste m i x  be i ng used . 

4.3 OTHER DATA 

The data from the l i terature on hydrogen and oxygen generat i on and 
control have been grouped and pl otted . The data were found to fal l i n  
fami l i es character i zed by the i r  chemi cal ( i norgan i c  or organ i c )  and phys i ca l  
attri butes . The G(H2) val ues for each fami ly  o f  tests, such a s  those for 
ni trate and n i tr i te sal t s ,  were fou nd to c l u ster based on spec i f i c  and 
eas i ly measured parameters such as water content or dens i ty .  Thu s, these 
parameters can prov i de grod i n i t i al estimates or ranges for G(H2) val ues . 

4 .3 . 1  Res i ns 

Ion exchange res i n  bed data i s  presented i n  fi gure 4-3 wi th G(H2) 
p l otted agai nst spec i f i c  grav ity ,  and i n  figure 4-4 wi th  the we i ght fract ion 
of water i n  the various  res i ns p l otted as the X ax i s .  

The group i ng i s  apparent . In concentrat i ons of water above 0.20, al l 
res i ns tested fal l i n  a fair ly  narrow range of G(H2) val ues . Bel ow 0.20, 
there i s  a d i vergence of i norgan i c  and organi c  res i ns, wi th the organ ics  
ma'ntai n ing a h i gher l eve l of  hydrogen generat i on as  the  i norgani c  rate 
approaches zero . Al so , spec i f i c  metal l i c sal ts  sorbed on the res i n  can 
reduce (through back reacti ons ) the G(H2) val ues of organ i c  res i ns to near 
those of the i norgan i cs .  The i norgani cs prov ide no hydrogen source other 
than the water content . The G{H2) of the saturated organ i c  res i ns c l i mbs 
beyond the 0 . 45 va lue  for pure water , conf i rm i ng the contri but ion of 
hydrogen from the res i n  i tse l f .  

Tak i ng these factors into account, the c l u ster i ng of the data  perm i ts a 
good f i rst-cut estimate of G(H2) based on e i ther of two rather eas i ly 
determi ned parameters, speci f i c  grav i ty or water content . 
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4 . 3 . 2  �elu t i ons Contai n i ng Oxi des of N i trogen 

Data from several  reports on the G ( H2) of various  NOx sol u t i ons are 
pl otted agai nst spec i f i c  grav i ty and water concentrati on i n  fi gures 4-5 
and 4-6. 

The reports concentrate mostly on n i tric  ac i d ,  n i trates and n i tri tes , 
whi ch are the materi a l s of primary i nterest i n  the nuc l ear i ndu stry .  Li ttl e  
data was found on other l i gands . As w ith the res i ns ,  these p l ots  are 
c l ijstered together . 

4 . 3 . 3  Organi cs, Liqu i ds, and Sol ids 

The resu l t s  of tests conducted on a vari ety of organ i cs versus  the 
spec i f i c  grav i ty of the organic  is shown in fi gure 4-7 .  Water i s  i nc l uded 
i n  the graph as a reference poi nt .  The G (H2) values for the pure organ i c  
mater i al s are out l i ned i n  tab l e  4-3 . 

The range of spec i fi c  grav i ty val ues for aromat i c  compounds i s  very 
narrow , and gas generat ion rates are l ower than for a l i phat i c  materi a l s .  
The l ower generation rates are reportedly due to h i gher bond energ i e s  i n  
these cyc l i c  materia l s (Gauman and Hoi gne' 1968) . The test values for 
various pure aromat i c  compounds are l i sted i n  tab l e  4-4. 

The i n i t i al or d i rect hydrogen generat ion value, GH2 , from the 
rad i o lys i s  of hydrogenous materi al s mi ght be exp l a i ned by the comb i nat i on of 
two key parameters : val %  hydrogen and the bund strength of the hydrogen i n  
the mol ecu l e .  The l atter i s  s i gn if icantly l ess i n  organics than i n  water . 
Thus , the l arge organi c  mol ecu l es present both l arger targets and more 
eas i ly separated mol ecu les and therefore exh ib it  h i gher GH2 value s .  Th i s  
i n i t i a l  or d i rect GH2 value might then be al tered (usual ly decreased ) to a 
net G ( H2) va l ue by one or more of the many possibie chemical  back react ions  
such as H·  + OH · --+-H20 .  Al so ,  the 11 i nterference 11 or energy absorpt i on by 
nonhydrogen-produci ng salts i n  so l ution decreases gas generat i on rates . The 
effect of t h i s  nonhydrogen-producing energy absorpt ion i s  often man i fested 
by a reduced net hydrogen generat ion val ue , G (H2) ,  for the mater i al . 
However, i ts affect cou l d  al so be treated as a reduction i n  the F factor.  
Th i s  l ead� to some confus i on in  the i nterpretat ion of reported test resu l t s .  
Where analy�es o f  the gas arc not made and F and G are not separated , the 
total gas generat i on value shou l d  be i nd i cated as F · G (T) . I t  i s  proposed 
for future research that F and G be separated by al locat i ng the effects of 
organi c  mater i a l s  and d i sso l ved waste components to the G val ue and the 
und i ssol ved materi al s  to the F factor . 
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Tabl e 4-3 . G ( H2) Val ues for Paraff i n i c  Hydrocarbons and Pl ast i cs 
(beta-gamma rad i at i on ) . 

Hydrogenous mater i al 

Water 
Octane (a )  
Vacuum oi l (a)  
Hexane (b }  
Po lyethyl ene (b )  
Tri ch l oroethyl ene (b )  
Polyv i nyl Ch l oride ( b )  

(a ) B i b l er 1976 . 

0 . 45 
4 . 50 
2 . 00 
5 . 00 
2 . 2  to 3 . 1  
0 . 0 {0 . 13) (C) 
0 . 1 1  (0 . 22 ) (d ) 

( b } Kanzanj i an and Brown 1969 . 
(c )Tne author reports a zero G ( H2) va lue  for trichl oroethy l ene , 

but reports a G (HC l ) of 0 . 25 .  (The nascent hydrogen i s  react i ng 
wi th nascent ch lor i ne ,  wh i ch i s  al so a product of the rad i olys i s . )  
The value  shown ( 0 . 13 )  represents the gross hydrogen produced and i s  
thu s actual ly GH2 rather than G ( H2 ) .  (See sect i on 4 . 3 . 3 . ) 

(d )The reported G ( H2 ) va l ue for polyv i ny l  chorl i de i s  0 . 1 1 .  When 
adjusted for the reported G (HCl ) val ue of 0 . 2 1 ,  the gross  
GH2 val ue i s  0 . 1 1 + 0 . 21/2 or 0 . 22 . 

Tab l e  4-4 .  G ( H2 ) Val ues  for Aromat i c  Hydrocarbons ( a )  
{ l ow l i near energy transfer rad i at i on) . 

Hydrogenous materi al 

Benzene 
B i phenyl 
Terphenyl (parad i phenyl  benzene ) 
Tol uene (methyl  benzene ) 
Xyl ene , o-

p-
m-

Ethyl  Benzene 
I soprophyl Benzene 
Ethy l  Tol uene , o-

m­
p­

Gaseou s Benzene 
Chl orobenzeiJe

) Cyc l ohexane \ b 

(a )Gauman and Hoigne ' 1978. 
( b ) Low bond strength , h i gh  hydrogen materi al 
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0 . 012 to 0 . 039 
0 . 025 to 0 . 090 
0 . 005 
0 . 140 
0 . 00235 
0 . 00184 
0 . 00205 
0 . 158 
0 . 179 to 0 . 190 
0 . 190 
0 . 230 
0 . 230 
0 . 140 
0 . 012 
5 . 600 



5.0 APPLYING THE TECHNOLOGY 

Appl i cat i on of t he techno l ogy for ver i fy i ng the safe s h i pment and 
storage of rad i oact i ve waste contai ners i s  covered i n  two para l l e l  
presentat i ons : 

1 The funct i onal l og i c  d i agram ( see f i g .  2-3) . The numbers s hown 
above each of the funct i onal  b l ocks refer to the sect i ons of th i s 
document where they are further d i scu ssed . 

• A d i scu s s i on of a step-wi se procedure for determi n i ng the 
necessary parameters and mak i ng the requ i red ca l cu l at i ons 
( sect i on s  5 . 1 through 7 . 0) . 

These presentat i ons prov i de an overv i ew and the detai l requ i red to 
i ndependent l y  conduct the i n i t i a l eva l uat i on of a rad i oact i ve waste 
contai ner and the correct i ve act i ons necessary to ensure safe s h i pment and 
storage . 

5 . 1 EVALUATING SHIPPING TIME E LEMENTS 
There are two key e l ements u sed i n  establ i sh i ng the  s h i pp i ng t i me (t ) 

aga i nst  wh i ch potent i a l  can i ster pres sur i zat i on and hydrogen-oxygen 
concentrat i ons mu st  be measured : 

• Overa l l  hand l i ng ,  preparat i on and l oad i ng t i me per iod dur i ng wh i ch 
the contai ner wi l l  be seal ed 

1 Sh i pp i ng safety factor regu l ated by the NRC . 

5 . 1 . 1  Determ i n i ng Total  Hand l i ng Time 

The total hand l i ng t ime ,  tH , i s  the t i me requ i red from can i ster c l osure 
to cani ster venti ng and i s  represented by the fol l owi ng equat i on : 

where 

tH = tp + tT + tv 

tp = the total preparat i on t i me after vessel  c l osure , and i nc l udes 
the t i me from purg i ng and c losure of a l l contai ner vents 
through preparat ion of the cani ster for s h i pp i ng ,  up to the 
po i nt of departure , 

tT = the est i mated transportat i on t ime as  p l anned by the cask 
hand l i ng serv ice ,  

tv = the est imated hand l i ng t i me after recei pt of  the vesse l , 
t hrough off load i ng ,  l ag storage and venti ng ,  or safe d i sposal 
of the contai ner.  
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Each of these esti mated t i mes shou l d  i nc l ude an al lowance for potent ia l  
del ays to provi de a conservat i ve estimate of tH . 

The purpose for the separation of the three t i me factors i s  to 
del i neate the respons i b i l i ti es of each group .  Total tH and tp are 
control l ed by the s h i pper, tT i s  control l ed by the carrier,  and tv i s  the 
respons i bi l i ty of the recei ver . Respons i b i l i ty for al l can i ster hand l i ng 
steps shou l d  be carefu l ly spe l l ed out between these three part i es , whose 
cooperat i on i s  assumed . Preparat i on of or concurrence with the t i me 
e st i mates and any changes thu s have c l early def i ned respondents .  

5 . 1 . 2 Computi ng Al l owabl e  Sh ippi ng Time 

At present , the NRC requ i res an overa l l sh ipp i ng safety factor of 
2 t i mes the esti mated hand l i ng and sh i pp i ng t ime ( see append ix  A) . Thus the 
safe sh ipp i ng t ime , t ,  i s  represented by the fol l owing equat ion :  

Th i s  safe sh i pp i ng t ime represents the m in imum l ength of t i me that the 
i nvesti gator must ensure the safety of the cani ster and sh ipp i ng cask 
aga i nst contai ner overpressuri zat i on or f l ammabl e  gas mixtures . 

5.2 COLLECTING RADIOACTIVE WASTE AND CONTAINER DATA 

The overal l purpose of the fo l l ow i ng act i v i ti es i s  to col l ect the best 
data avai l ab l e  re l at i ve to hydrogen-oxygen gas generat ion .  Three major 
group i ngs  of data ex i st :  

1 .  Phys i ca l  characteri st i cs of the cani ster , sh ipp i ng cask and 
rel ated equ i pment or i nstrumentat i on ( i . e . , equ i pment that may be 
subject to or measure �ad i ol ys i s  effects) 

2 . Sources of rad i olys i s :  the rad i oact i ve waste and target materi al s  
that have the potent i al for generat i ng var i ous  gases 

3 .  Past and present status i nformat ion,  part i cu l arly any prev i ous  
i nstrumented storage of  the  waste/can i ster assembl age or of  an 
assemb l age typ i cal of the one i n  quest i on .  

The purposes of these data are to establ i sh a base l i ne of cond i t i ons at 
the i n i t i at i on of the s h i pp i ng sequence . 

Whenever practi cal , data shou ld  be ver i f i ed by u s i ng more than one 
val i d  approach to determ i n i ng the requ i red val ues , then us i ng the more 
conservat i ve val ue . 
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5. 2. 1 Determi n i ng Cani ster Geometry 

Sections 5.2 .1 .1  through 5.2. 1 . 3 d i scuss cani ster geometry. 

5. 2. 1 . 1 Contai ner S i ze .  The phys i cal d imens i ons of the contai ner shou l d  be 
determi ned by measurement or from ver i f i ed draw i ngs of the contai ner .  Of 
spec i f i c  i nterest i s  the total i nteri or vol ume of the cani ster . 

5.2. 1 . 2  Port s .  The avai l ab i l i ty of al l access ports i ncl ud i ng f i l l i ng 
ports , i nstrumentat i on ports , vents , dra i n s ,  etc . , shou l d  be determi ned from 
i nspect i on and/or drawi ng s ,  and shou l d  i nc l ude present status and 
servi ceabi l i ty of each port . (Ports i n  l oaded cani sters shou l d  not be 
opened prior to comp let ion of the i n i t i al analys i s .  Val uable  data can often 
be obtai ned duri ng the venti ng process . See sec-tion 5. 2. 2. 6. } 
5 .2. 1 . 3  I nstl4umentati on .  The avai l ab i l i ty and servi ceabi l i ty of 
i nstrumentation ,  spec i f i cal ly temperature and pressure measurement dev i ces , 
shou l d  be determi ned . I f  such i nstruments are not i nstal l ed ,  but ports are 
avai l ab l e ,  i nstal l at i on may be adv i sabl e or necessary , as part of the 
analys i s  or test i ng procedure . 

5 .2. 2 Analyz i ng Contents 

Comp l ete sampl i ng and l aboratory analys i s  of contai ner contents i s  not 
al ways necessary or feas i bl e ,  but the i nvest i gator shou ld  take steps to 
prov i de as much ver i fi abl e data as pract i cab l e .  The eng i neer shou l d  use 
care and be conservat i ve i n  mak i ng pred i ct i ve eva l uat i ons , and test i ng 
shou l d  be used whenever pract i ca l . 

5. 2. 2. 1  I sotop i c  I nventory.  The i nvest i gator shou l d  col l ect avai l ab l e  
rad i o l og i cal data o n  each contai ner be i ng eva luated . H i stor i cal data on the 
l oad i ng of the cani ster may provide  detai l ed i sotop i c  data. Any val i d  data 
i n  t h i s area shou l d  be i ntegrated i nto the analys i s .  Measurement of dose 
rates  through cani ster wal l s  may be pract i cabl e ,  however , such measurements 
are often expens i ve and subject to errors resu l t i ng from nonhomogene i ty .  

5. 2. 2. 2 Chemi cal I nventory. The chemi cal nature of the contents shou l d  be 
determi ned . H i stori cal records ,  l aboratory analys i s  and anal ogou s or 
synthet i c  waste data shou l d  be rev i ewed . If i t  i s  necessdry to avo i d  overly 
conservat i ve gas generat i on estimates , i t  i s  important to understand the 
chem i cal spec i es present . So l ubl e i sotope concentrati ons in the l i qu id  
port i on of the  waste is  important , s i nce hydrogen-oxygen generati on i s  
control l ed i n  s i gni f i cant part by the prox i m i ty of the i oni z i ng rad i at i on 
source (rad i o i sotopes } to the target (water , organ i c  or other hydrogenou s ) 
mol ecu l es .  S imi l ar ly , the presence of d i ssol ved nonrad i oacti ve mater i a l s 
" d i l utes •• the target water ,  decreas i ng the rad i ol ys i s  effects .  Further , the 
presence of n i trates ,  n i tri tes , and certai n  other chemical s contri bute to 
back reacti ons that decrease the net gas generat i on .  
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5.2.2.3 Phys i ca l  I nventory. ·  The F factor i s  primari ly a funct i on of  the 
materi al s i n  the contai ner , i nc l ud i ng the d i stri but i on type and energy of 
the i on i z i ng rad i at i on ,  the d i str i but ion of target materi a l s  and other 
materia l s wh i ch can act as a " sh i e l d "  between the source and target 
materia l s ,  and the phys i cal s i ze and shape of the conta i ner . An F factor of 
1 . 0  wou l d  con s ider that al l source and target mater ia l s are in i nt imate 
contact ( i . e . , i n  sol ut i on or f i ne d i sperson) and that no rad i at i on escapes 
from the vesse l contents . The tota l  vo l ume of so l i ds and l i qu i ds i n  t he 
contai ner shou l d  be determi ned . The bu l k  dens i ty and spec i f i c  grav i ty of 
var i ous  components of the waste shou l d  be determi ned when pract i cab l e .  

Agai n ,  i ndependent approaches shou l d  be u sed to prov i de ver i f i cat i o n .  
Knowl edge o f  t h e  average dens i ty of the waste coup l ed w i t h  the total and 
tare we i ght of each contai ner shou l d  prov i de one estimate . A second 
est i mate shou l d  be ava i l ab l e  from the resu l ts of the vo i d  vo l ume test i ng as 
i dent i f i ed i n  sect i on 5 . 2 . 2 . 7 .  

Source d i stribu t i on i s  a l so a key factor i n  gas generat i on .  D i sso l ved 
or f i ne part i cu l ate source and target mater i a l s provide  the max i mum 
potent i al for rad i o lys i s ,  whereas sol i d ,  c l ad ,  or course part i cu l ate source 
mater ia l s are l ess product i ve .  A so l ut ion of source and target materi al 
produces a h i gher gas generati on rate than a part i cu l ate d i spers i on of an 
equal  quant i ty of the same mater i a l . I n  the cons i derat i on of mater i a l s  not 
d i rect ly  i nvo l ved i n  the rad i o lys i s  (nonsource , nontarget mater i a l s } ,  the 
opposi te i s  tru e :  i ncreased d i spersion tend s t o  prov ide more i nh i b i t i on to 
gas generat i on .  

A conservat i ve approach {h igh-s ide generat i on rates)  wou l d  thus 
cons i der cond i t i ons that wou l d  resu l t  in an F factor of 1 . 0 and for water 
rad i olys i s ,  a G { H2 } val ue of 0 . 45 .  

I f  th i s conservat i ve approach produces marg i nal  safe s h i pp i ng t i me 
�equ i rements ,  consu l t  secti on 4 . 0  and conduct a more detai l ed eval uat i on of 
the var i ous  factors .  

5 . 2 . 2 . 4  Water .  Be i ng the pri mary target materi a l  for hydrogen-oxygen 
generat ion i n  most rad i oacti ve waste d i sposal  s i tuati ons , water vo l ume and 
water chemi stry are of key importance . Water " l ocat i on11 i n  the can i ster 
shou l d  a l so be determi ned ( i . e .  what fract i on of the water i s  " hydrated , "  
" i ntersti t i al , "  or free? ) . I s  the water saturated wi th chemi cal  
const i tuent s ?  Are sol ubl e ,  rad i oact i ve i sotopes present? Can excess water 
be removed i f  necessary? 

5 . 2 . 2 . 5  Organ i c  Mater i a l s .  The organ i c  mater i a l s present i n  the waste mu st  
be determ i ned . Are these mater i a l s l i qu id  or sol i d? What rad i olys i s  
products wou l d  be expected i n  add i t i on to hydrogen-oxygen? What hazard s 
mi ght be assoc i ated with  those decompos i t i on products? Wi l l  these materi al s 
consume oxygen by the creat i on of CO , C02 , or other ox i des , l eav i ng an 
excess  of hydrogen? 
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5.2.2.6 Gase s .  The pressure i ncrease over a spec i f i c  t i me per i od prov i des 
a val uab l e  measure of total gas generat i on rate . To ensure conservat i sm 
when test pressures are above atmospheri c ,  l eak t i ghtness of the system must 
be ver i f i ed ( see sect i on 5 . 2 . 3 . 1 ) . As a resu l t  of such test i nformati o n i  i t  
may be determi ned that many contai ners requ i re no correct i ve acti on ,  or 
s i mply a purge wi th i nert gas pri or to sh i pment . For can i sters wi th 
unver i f i ed contents , measurement of gas pressure i ncrease wi th t ime ,  
fol l owed by gas sampl i ng and analys i s  may be the key i n  ver i fy i ng shi pp i ng 
cond i t i ons . For th i s  reason , a thorough "paper eval uat i on•• shou l d  be made 
of the expected gaseous contents pri or to openi ng or vent i ng the contai ner . 
I f  th i s  eval uat i on i nd i cates the need for gas sampl i ng ,  then the gas may be 
sampl ed prior to or as part of the venti ng operat ion.  For some contai ners , 
tests whi ch i ncl ude record i ng pressure and/or gas sampl i ng and analys i s  over 
t i me may be the only accurate way of determ i n i ng gas gener�t i on val ues . 
Care must be taken to avoi d  the accumu l at i on of hazardous gas mi xtures 
( see sect i on 8 . 0 ) . 

W i thout gas analys i s ,  pressure i ncreases i n  contai ner are not 
necessari ly val i d  i nd i cat i ons of hazardous H2/Cz bu i l dup . Other gaseous 
materia l s can be produced by rad i o lys i s  of organic  materia l s ,  and oxygen can 
be consumed i n  var ious chemical  react ions , ferm i ng sol i ds ,  l i qu i ds , or 
other gases . F l ammabi l i ty requ i res both a m i n i mum amount of hydrogen (or 
other fue l  such as methane) and a m i n imum aw.ount of oxygen (or other 
ox i d i z i ng agents) . Careful sampl i ng and analys i s  prov i des the b�st 
assurance of the type of radi o1ys i s  products generated . Care must be t aken 
to avoi d  any i n l eakage or gas out l eakage and a i r  contami nat i on dur i ng gas 
sampl i ng and analys i s .  

5 . 2 . 2 . 7  Voi d  Vol ume . The vo i d  vo l ume or gas/vapor space i n  the contai ner 
i s  a key parameter i n  project i ng pressure bu i l dup and H2/02 concentrat i ons . 
Smal l voi d  vol umes perm i t  the rap id  bu i l dup of potent i al ly hazardou s 
cond i t i ons , whereas 1 arge vo i d  vol umes del ay the effects of such bu i l dup .  
One of  the  key remed i es for h i gh f l ammabl e  gas concentrat ion or overpressure 
potent i al i s  to i ncrease the vo id  vol ume by e i ther 1) remov i ng excess water ,  
2 ) removi ng waste , or 3)  i ncreas i ng the voi d  vol ume by vent i ng th2 can i ster 
to the sh ipp i ng cask ( assumi ng that the cask prov i des the necessary 
contai nment) .  

I n  determ i n i ng vo id  vol ume , three major approaches can be used . The 
f i rst i s  by computat i on based on can i ster i nteri or d i mens ions and the waste 
l oad i ng data . The second , assum i ng a fu l l  can i ster i n i t i al ly ,  i s  to measure 
the amount of water removed duri ng the dewateri ng process by col l ect i ng and 
measuri ng the vol ume of water ,  or by we i g h i ng the can i ster and contents ( i n  
a i r  or u nderwater) when fu l l  and after dewater i ng .  Th i s  was the key 
procedure used to determ i ne vo i d  vo l ume i n  the TMI -2 SDS vessel s ( Qu i nn 
et al . 1984) and i s  pl anned for the TM I -2 core debri s can i sters . Thi s 
methodol ogy i s  d i scu ssed i n  detai l for the core debr i s  cani sters i n  Henr i e  
and Appel 1985 . The th i rd method i nvol ves a measurement procedure based on 
chang i ng the pressure i n  the cani ster by removal or add i ti on of a known 
vol ume of gas u s i ng a gas bomb attached to the cani ster (detai l ed i n  
append i x  B ) . The pressure change procedure shou l d  be used i n  marg i nal cases 
where voi d  vol ume i s  i n  doubt . 
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Where cani sters of waste are stored- underwater , i t  i s  important to 
ensure that the voi d  vol ume i s  not i nadvertently decreased by water 
i ntru s i on .  Th i s  can b e  ensured by add i ng an i nert gas t o  the contai ner a t  a 
pressure greater than the external hydrau l i c pressure and mon i tori ng for gas 
outl eakage . Wei gh i ng after dewateri ng and just pri or to sh i pment provi des 
an even more pos i t i ve assurance agai nst  i nadvertent water i ntru s i on .  

5 . 2 . 2 . 8  Thermal Data . Energy bal ance cal cu l at ions i nd i cate that the 
rad i olys i s  proces s  i s  very i neff i c i ent . Of the total i on i z i ng rad i at i on 
absorbed by water , only �1% goes i nto the production of hydrogen and oxygen . 
The rema i n i ng 99% of the absorbed rad i at i on energy degrades to heat . S i nce 
some of the i on i z i ng rad i at i on i s  absorbed by non-gas-produc i ng materi al s ,  
the fract i on of the i on i z i ng rad i at i on energy that i s  converted i nto 
chem i cal  energy i n  the form of hydrogen-oxygen gas i s  usual ly  l ess than 
1%, and can be i gnored when measuri ng the total i on i z i ng energy by 
cal orimetri c means . The measured thermal energy bei ng l ost from a contai ner 
of rad i oact i ve materi a l  can thus prov i de ver i f i cat ion of the reported 
i sotop i c  energy . I n  cases where records or analyses are i ncomp l ete , therma l 
data may prov i de the only measure of total energy be i ng produced by the 
system . 

The Ameri can Soc i ety of Test i ng Mater i al s prov i des detai l s  on a range 
of therma l measuri ng dev i ces and procedures {ASTM 1985 ) . I n  add i t i on ,  a 
cons i derabl e  number of commerc i al dev i ces are ava i l ab l e  to measure heat 
output and heat f l u x .  However , for contai ners of low- l evel  waste wi th l ow 
heat generat i on rates , th i s  approach may be impract i cal . 

The measured heat generat i on rate can be mu l t i p l i ed by the t i me ,  t ,  and 
u sed d i rect ly  i n  the gas generat i on equat i ons as the E term . The E term i s  
i ndependent of the type of rad i onucl i des  present ; however , the F fector and 
G value do vary wi th the type of rad i at i on .  

5 . 2 . 3  Determi n i ng H i story and Current Status 

H i stori cal data co l l ect i on i s  not so much a separate act i v i ty as i t  i s  
one of sel ect i ng spec i f i c  data,  such as dewater i ng ,  cani ster pressure , and 
pres sure r i se rates from the overal l data set co l l ected or d i scovered i n  the 
i nvest i gat i on .  

5 . 2 . 3 . 1 Contai ner Pres sure H i story. If the contai ner has been stored for a 
peri od of t i me i n  a seal ed mode w ith  a pressure gauge attached , pressure 
change over t i me prov ides a val uab l e i ndex of the total  gas bu i l dup rate . 
I f  the contai ner i s  vented through an access i b l e  i ndependent l i ne , c l osure 
of the vent for a per i od of t i me and carefu l measurement of the pressure 
r i se over that t ime can prov i de d i rect evi dence of th i s  key parameter . 

However , precaut ions mu st be taken when determ i n i ng cc ntai ner pressu re 
h i story . F i rst , the i nvest i gator mu st confi rm the i ntegri ty of the 
contai ner and assoc i ated equ i pment . Th i s  i s  best accomp l i shed by l eak 
test i ng fol l owi ng assembly ,  l oad i ng ,  and c l osure of the vesse l . If  the 
vesse l  i s  pressuri zed , i t  can be submerged i n  water and moni tored for gas 
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. bubb l es . Leaky f i tt i ngs , a l eak i n  the contai ne r ,  or fau l ty pressure­
measur i ng devi ces cou l d  i nval i date any concl u s i ons from subsequent test 
data. Due to the pos s i bi l i ty of l eaks , the l ack of excess i ve pressure 
bu i l dup may not ensure the absence of f l ammab l e  H2/02 mi xtures . One way to 
ensure agai nst error from l eakage i s  to conduct pres sure ri se tests start i ng 
both bel ow and above atmospheri c  pres sure . I f  the same gas generati on rate 
i s  measured i n  both tests , a nonl eak i ng system i s  assured . If  d i fferent 
generat i on rates were measured , the l eak rate can be cal cu l ated from the 
data and appropri ately added or subtracted to determ i ne the actual  
generati on rate . D i rect ver i f i ed pressure measurements const i tute some of 
the most val uabl e  data ava i l ab l e for determ i n i ng gas generat i on rates .  

5 . 2 . 3 . 2 Pri or Sampl i ng and Analys i s .  Changes of gaseous compos i t i on over 
t ime provi de s  confi rmat i on of H2/02 bu i l dup rates .  As w i t h  pressure h i story 
data , chang i ng gas compos i t ion data shou l d  be veri f i ed to avo i d  errors due 
to l eak i ng equ i pment or sampl i ng and analys i s  probl ems . 

5 . 2 . 3 . 3  Current Statu s .  The current pressure , temperature , vent i l at i on 
hookups ,  access to ports , and general phys i cal statu s of the contai ner and 
i t s  env i ronment shou l d  be determ i ned . Th i s  i nformat i on may l im i t  the 
avai l ab l e  measurement techniques or d i rect the se l ect i on of a spec i f i c  
sequence o f  eval uat i on and/or correcti ve act i on steps . 

The current contai ner pressure may i nd i cate the system i ntegri ty and 
the l ack of s i gn i f i cant l eaks versus probabl e  s i gni f i cant l eaks .  Current 
pressure cou p l ed wi th other storage data may prov ide good emp i r i ca l  data on 
gas generat i on rates . {The precaut ions noted i n  sect i on 5 . 2 . 3 . 1 al so apply  
here . )  

Conservat i ve (maximum) gas generat i on rate val ues  w i l l  be determi ned 
when cani ster pressures ( i n i t i al and f i nal ) remai n  be low amb i ent . Leakage 
i n  such contai ners wi l l  be i n- l eakage , and errors i n  cal cu l at i ng generat ion 
rates from pressure h i stor i es wi l l  be on the h i gh s i de . I n  contai ners 
stored at amb i ent or h i gher pressures , l eakage wou l d  resu l t  i n  the 
underestimat i on of gas generat i on rates . 

The temperature of the contai ner wal l may be of s i gni f i cance i f  i t  i s  
we l l  above ambi ent . Th i s  cond i t i on cou l d  imply h i gh l oad i ng of heat­
produci ng rad i oi sotopes or chemi cal react i ons.  A measurement or estimate of 
i nternal temperatures can be u sed to "temperature correct" the pressure 
data.  

5 . 2 . 3 . 4  Changes i n  Contai ner Status . Al terat i ons of the current cani ster 
cond i t i ons shou l d  be made only after de l i berat i on to m i nimi ze the l os s  of 
potent i al  val uabl e i nformat i on as changes are i nduced . 

5 . 3  CONDUCTING ANALYSES 

Once the data have been col l ected , the i nvest i gator conducts a ser i es 
of analyses  and eva l u at i ons to 1) assess  the gas generat ion rate , 2) assess 
the pres sure i ncrease , 3 )  determ i ne the gas mi x that wi l l  exi st duri ng the 
sh ipp i ng cycl e  for each contai ner (or the worst case contai ner) , and 
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4 )  determi ne the a l l owab l e  safe sh i pp i ng t i me .  These cal cu l ati ons are then 
compared to determi ne i f  the contai ner can be safely sh i pped as p l anned or 
if changes are requ i red pri or to sh i pp i ng .  

Us i ng the data col l ected i n  sect i on 5 . 2 and the i nformat i on i n  
sect i on 4 . 0 ,  the i nvest igator uses the method d i scu ssed i n  sect i on 3 . 0  to 
cal cu l ate the gas generat i on rate and projects the t i mes to the unsafe 
cond i ti ons such as overpressur i zat i on ( t0)  and f l ammab i l i ty ( tf ) · I f  these 
projected t i mes exceed the safe s h i pp i ng t i me ,  ( t f>t )  and ( t0> t ) , t �e 
co�tai ner can be safe ly s h i pped . I f  the t i me to f l ammab i l i ty or t he t i me to 
overpressuri zat i on i s  l es s  than the s h i ppi ng t ime ,  correct i ve measures must  
be taken pri or to shi pment . 

I n  computi ng the overpressuri zation and fl ammabi l i ty t i mes , the 
i nvestigator shou l d  use a conservat i ve and redundant approach.  That i s ,  the 
worst case analys i s  shou l d  be made f i rst , pred i ct i ng the ear l i est  poss i b l e  
t i me to reach the  unsafe cond i t i on .  I f ,  under these cond i t i ons , t here i s  
sti l l  a safety marg i n ,  then just i f i cat i on exi sts fJr s h i pp i ng the contai ner 
wi thout further analys i s  or mod i f i cat i on .  

Thi s  approach shou l d  ident i fy a good percentage o f  the contai ners as 
be i ng safe and perm i t  concentrat i on of efforts on the rema i nder . Hand l i ng 
of the marg i nal , potent i al ly  hazardous contai ners i s  d i scu s sed i n  further 
detai l i n  sections  6 . 0  and 7 . 0 .  
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6.0 CORRECTIVE PROCEDUI�ES 

The eval uati on process of secti on 5 . 0  wi l l  have i dent i f i ed contai ners 
that can be safely sh ipped and contai ners that wi l l  requ i re some other 
acti on prior to shi pment . Th i s  sect i on d i scusses the correct i ve procedures 
l i sted i n  boxes 6 . 1 through 6 . 6  of the rad i olys i s safety l og i c  d i agram 
( f i g .  2-2) .  These procedures are presented i n  the order of i ncreas i ng 
d i ff i cu l ty or cost . Treated i terat i ve ly ,  these procedures shou l d  prov i de 
the opt imum route to safe sh i pp i ng cond i t i ons . 

for a g i ven set of contai ners , one or more of these procedJres may be 
preferred over the others , and the i nvesti gator may e l ect to bypass  the 
s imp l er opt i ons for a generi c  approach to be used on al l conta i ners i n  the 
set . For exampl e ,  i t  may be determi ned to use catalyt i c  recomb i ners 
(descri bed i n  secti on 7 . 0 )  i n  al l contai ners . Th i s  approach ensures safe 
sh ipp i ng cond i t i ons i n  cases where hydrogen-oxygen gases are generated i n  
sto i ch i ometri c mixtures of H2/02 . Appl i ed as a generi c  change over many 
contai ners j the des i gn costs , procedure preparat i on ,  and i nstal l at i on may 
prove l ess costly than the one-by-one eval uat i on of the steps presented i n  
secti ons 6 . 1 through 6 . 6 .  

6. 1 SHORTENING THE P�EPARAT ION AND SHIPPING SCHEDULE 

As primari ly an admin i strat i ve task , thi s correct i ve step may prov i de 
the l east expens i ve action to ach i eve the des i red resu l ts .  Where t i me to 
f l ammab i l i ty or t ime to overpressuri zat i on exceeds al l owed s h i pp i ng t i me by 
a smal l marg i n ,  i t  may be poss i b l e  to accel erate handl i ng act i v i t i e s  to 
accommodate a �afe sh i pp i ng schedu l e .  The primary precau t i on here i s  that a 
real i st ic  schedu l e  must be mai ntair.ed . 

6.2 PURGING/EVACUATING PRIOR TO SHIPPING 

The cani ster preparat i on t ime i s  reduced i f  a vent-purge ( i nert gas , i f  
appropri ate )  step i s  performed as c l ose to the sh i pp i ng po i nt as pract i cal . 

In cc�tai ners where the net gas produced i s  not sto i c h i ometr ic  ( u sua l ly  
oxygen def i c i ent ) , an  overpressuri zat i on prob l em m ight be  sol ved by a vent­
evacuat i on step , s i nce loweri ng the i n i t i al can i ster pressure wou l d  i ncrease 
the t ime to reach the estab l i shed pressure l im i t .  However , l oweri ng the 
cr.n i ster ' s i ni t i al pressure wi l l  reduce the t i me to f l ammab i l i ty ,  i f  the net 
gas �reduced i nc l udes both hydrogen and oxygen ,  and no hydrogen-oxygen 
recomoi ner ( see section 7 . 0) i s  prov ided .  

6.3 PURGING AND PRESSURIZING WITH DILUTENT GASES 

The f l ammabl e  l imits  for hydrogen and oxygen are g i ven i n  vol ume or 
mol ar percent . By i ncreas i ng the pressure of i nert gases w i th i n  the 
cani ster from one atmosphere to two atmospheres , the t i me to f l ammab i l i ty i s  
effect i vely  doub led .  The l im i tat i on on th i s procedure i s  cani ster/cask 
overpressure . 
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6.4 INCREASING VOID VOLUME 

The t i me to f l ammabi l i ty and t ime to overpressuri zation are both 
dependent on the voi d  vol ume of the contai ner. Two approaches to i ncreas i ng 
the voi d  vol ume are removal of l i qu i ds  and vent i ng .  

6.4. 1  Removal of Liqu ids  

Water or other l i qu i d  i ns ide the contai ner may be  removed by dra i n i ng 
or vacuum pumpi ng to provi de more vapor space . Removal of th i s l i quor wi l l  
have the added benefi ci al effect of reduc i ng gas generat ion due to the 
part i a l  reducti on of the radiolys i s  target and the pos s i bl e  reduct ion of the 
radi oacti ve source ( see sect ions 6 . 5  and 6 . 6) . 

6 . 4.2 Vent i ng to Cask 

ThP. cask des i gn may permi t the d i rect vent i ng of the atmosphere of the 
radioact i ve materi al contai ner to the atmosphere of the cask ( i nner 
contai nment vessel of a cask prov i d i ng doub l e  contai nment ) .  Assumi ng 
reasonab l e  d i ffus i on rates , thi s effect i vely  i ncreases the void vol ume to 
that avai l ab l e  in both the cani ster and the cask . Th i s  vo l ume i ncrease may 
be adequate to sol ve e i ther fl ammabi l i ty or overpressuri zat ion probl ems . 

6. 5 REDUCING TARGET MATERIALS 

Th i s  step i s  s imi l ar to sect ion 6 . 4 . 1  except that the purpose i s  to 
reduce the amount of water or organi c  materi al  avai l ab l e  as a target or 
producer of hydrogen-oxygen gases . 

6.6 REDUCING SOURCE TERMS 

The reducti on of rad i oact i ve source terms i s  pos s i b l e  by e i ther removal 
of some of the source or by poi son i ng of the source . 

6.6.1 Source Removal 

Source removal paral l e l s  the target removal i n  sect i on 6 . 5 ,  and i s  most 
eas i ly accompl i shed i f  the source i s  di s sol ved in the l i qu i d  port i on of the 
waste . The effect of reduc i ng the load i ng in each can i ster reduces gas 
generati on and i ncreases voi d  space . The added costs for the effort 
requ i red to remove the materi al and the add i t i onal contai ners and sh i pments 
may be h i gh .  
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6.6. 2 Chemi cal Poi soni ng 

The val ue of G{H2) ,  the net hydrogen generat i on rate , i s  affected 
{reduced) by the presence of several sol ub l e  speci es and by the 
concentrati ons of a g i ven speci es . The add i t i on of. sal ts {ni tr i tes , etc . ) 
to i ncrease back reactions , or otherwi se act as rad 1 olys i s  i nh i b i tors , i s  a 
potenti al i n  cases where weak sol ut i ons ex i st i n  the l i qu i d  port i on of the 
waste . 

Th i s  approach must be tai l ored to the speci fi c  chemi stry of each set of 
conta i ners . Resu l ts shou ld  be veri f i ed by carefu l measurement of generat i on 
rates after the mod i fi cati on .  

6 .7  USING CATALYT IC RECOMBINERS 

The use of catalyst beds i s  d i scussed i n  detai l i n  sect i on 7 . 0 .  Th i s  
approdch provi des sol ut i ons where procedures prev i ous ly  d i scu ssed are 
i nadequate or not cost effect i ve .  
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7.0 CATALYTIC RECOMBINERS 

Catal yt i c  recomb i ners prov i de the benefi ts of pass i ve ,  ma i ntenance-free 
hydrogen-oxygen control . The act i on of the recomb i ners i s  dependent upon 
the presence of the react i ve gases . Catalysts of the type used i n  TMI -2 
stud i es provi de cont i nuous contro l of the concentrat i on of those gases (or 
the m in imum consti tuent gas , usua l ly oxygen i n  i ni t i al ly i nerted systems ) to 
l eve l s  we l l  bel ow f l ammabl e  concentrat i ons . 

Catalyt i c  recomb i ners remove hydrogeP-oxygen gases i n  the 
sto ich iometr i c  2-to- 1 rat i o .  Where nonstoi ch i ometri c  net gas generat i on 
occurs , such as i n  cases where the oxygen i s  bei ng scavenged by waste 
components ,  the hydrogen can bu i l d up i n  excess . I f  the oxygen i s  
suff i c i ent l y  l imi ted , there i s  l i tt l e  hazard from f l ammabi l i ty ;  however ,  the 
excess hydrogen can cause overpressuri zati on of the contai ner and provi des a 
potent i al for i gn i t i on upon vent i ng to the atmosphere or i n- l eakage to the 
contai ner . 

Long-term storage cond i t i ons may requ i re other means of control l i ng 
t h i s  type of bu i l dup . Act i ve or pass i ve vent i ng systems can be used . 
Act i ve systems requ i re adm i n i strat i ve control , but al l ow re l eas i ng/purg i ng 
of the gas at the most favorab l e  t imes and cond i t i ons . Pass i ve f i l tered 
vents on the contai ner requ i re no admi ni strat i ve control s ,  assumi ng that 
they vent i nto an open area.  The fi l ter u n i ts can be sel ected to prevent 
the escape of rad i oact i ve part i cu l ates , but wou l d  of course al l ow 
rad i oact i ve gases ,  such as xenon and krypton , to escape and a i r  to enter . 

7 . 1  CATALYSTS 

Recent progress has been made i n  the deve l opment of pas s i ve catalyt i c  
recombi nat i on systems . I n  the pass i ve system , the hydrogen-oxygen gases 
d i ffuse to the catalyst and are recomb i ned to form water vapor , wh i ch then 
d i ffuses to and condenses on the col der surfaces i n  the system . P i l ot p l ant 
work at Rockwel l rel ated to the shi pment of the TMI -2 SDS i on exchange 
vesse l s  and the TMI -2 core debr i s  cani sters has i dent i f i ed an effect i ve 
catalyst b l end for use u nder very wet cond i t i ons ( Henr i e  and Appe l 1985 ) . 
A mixture of 80% Enge l hard Deoxo 0 ( nucl ear-grade A 16430) and 20% s i l i cone­
coated AECL {Atomic  Energy of Canada L im ited ) catalysts was found to be a 
very effect i ve recomb i ner and strongly synerg i st i c  under very wet ( not 
submerged ) cond i t i ons . The Engel hard catalyst , part i cu l arly under 
reasonab 'Jy dry cond i t i ons , provi des h i gh ly  eff i c i ent recombi nati on of 
hydrogen-oxygen gas wh i l e  the AECL catalyst prov i des rap id  recovery of the 
ent i re catalyst bed from very wet cond i t i ons . 
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7.2 CATALYST BED DEVELOPMENT 

Cani ster des i gn features rel ated to s i ze and shape of the catalyst bed 
were developed for use i n  the TMI -2 core debri s - cani sters . A h i ghly 
effect i ve design  u t i l i zes  th i n  (approx imately 1-cm th ick ) , d i sk-shaped beds 
of catalyst . Beds at each end of the cyl i ndrical cani ster hol d  about 100 g 
of catalyst . Th i s  des ign  provi des a safety marg i n  several t i mes the min imum 
quant i ty of catalyst requ i red for gas control i n  the core debri s cani ster . 

Other bed shapes and s i zes were al so tested . Cyl i ndri cal shapes of 
vary i ng i n l et area and bed depths were used . Each des i gn uti l i zed 
a screened contai ner for the catalyst and performed adequate ly as l ong as 
mi nimum bed s i zes and open screen areas were mai ntai ned . 

Several screen mesh s i zes were tested for gas d i ffu s i on effects ,  wi th 
no s i gni f i cant reduct i on in catalyst performance unl ess the gas f l ow path 
was �evere1y restricted . An 8-mesh (8 wires/i n . ) ,  sta i n l ess stee l screen 
ut i l i z i ng 0 . 035- i n . -d i a .  wi re i s  recommended . Th i s  s i ze screen prov i des 
adequate contai nment of the catalyst pel l ets ( 1/8- i n . -mi nimum s i ze ) , heavy 
w ire constructi on for max imum bed protect ion ,  and a l arge , effect i ve open 
area for gas d i ffus i on .  

7 � 3  CATALYST BED LOCATION FEATURES 

Catalyst beds were bu i l t  symmetrical ly i nto both ends of new TM I -2 core 
debri s cani sters to ensure gas-exposed (nonsubmerged ) catalysts i n  any 
cani ster pos i t i on .  Th i s  design (Henrie  and Appe l 1985 )  thus prevents 
rad iolyt i c  gas bu i l dup even under' postu l ated acc ident ( ups ide down) 
scenari os . 

Other des i gns , where most of the water i s  removed , may requ ire only 
a s i ng l e  bed , p l aced such that submers i on i s  not poss i b l e .  The TM I -2 SOS 
vessel s uti l i zed such a s i ng l e  bed arrangement , but requ i red vacuum pump i ng 
to remove the free water.  

7.4 CATALYST BED RETROFITS 

The eng i neer ass i gned to prov i de a catalyst system for a spec i f i c  
contai ner can read i ly  eval uate the spec if ic  features of the contai ner and 
revi ew the mi nimum requ i rements for the catalyst bed ( s ) . The best approach 
wi l l  become read i ly apparent and the des ign  wi l l  usual ly be a matter of 
sel ecti on between opt ions . See Qu i nn 1984 for a spec i f i c  examp l e .  
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7.5  CATALYST BED DESIGN CRITERIA 

Spec i f i c  des i gn features for catalyt i c  recombi ner uni ts  wi l l  depend 
upon the phy s i cal form of the waste , the s i ze ,  des i gn and port i ng of the 
contai ner , and the i ntended purpose ( i . e . , storage or s h i pp i ng ) . However , 
each catalyt i c  u n i t  l ocated i n  a cani ster of wet rad i oact i ve materi a l  for 
f l ammabl e  gas control shou l d  meet the fo l l owing cri teri a .  

1 One catalyst bed must be  exposed to  the  gas/vapor space at  al l 
t i me s .  

1 Very wet systems shou l d  contai n catalyst beds composed of 
80% Engel hard Deoxo D and 20% s i l i cone-coated AECL catalysts or a 
test-proven equ i val ent . (Th i s catalyst m i x  i s  wet res i stant and 
recovers rapi dly after be i ng submerged i n  water . )  

• The amount of exposed catalyst requ i red i s  proport ional to the gas 
generat i on rate . The recommended rat i o  of the bu l k  vol ume of the 
mi xed catalyst to the gas generat i on rate , in ml of catalyst per 
ml of H2 + 02 gas produced per hour,  i s  1 . 0 .  Thu s ,  a generat i on 
rate of 50 ml/h requ i res a 50-ml bed of the mi xed catalys t .  Where 
mu l t i p l e  beds are needed to prec l ude submers i on ,  each bed should 
contai n t h i s vol ume of the mi xed catalyst . 

1 The recommended rat i o  of bed vol ume i n  ml to exposed ( screened } 
area i n  cm2 i s  1 . 0 .  Th i s  resu l ts i n  a !-em-th i ck bed of the mi xed 
catalyst when screened on one s i de .  

The catalyti c  recomb i ners desi gned for the TM I -2 core debri s can i sters 
are cons i stent wi th th i s  cr i teri a .  These mi xed-bed recomb i ners are 
projected to mai nta i n  the oxygen concentrat ion bel ow �0 . 5% ,  or the hydrogen 
concentrat i on be l ow �1 . 0% ,  even under the very wet cond i t i ons i n  a 
max imum- l oaded TMI -2 can i ster . Further , the testi ng was performed u s i ng 
hydrogen and oxygen generat i on rates wh i ch were a factor of 3 h i gher than 
those used to s i ze the beds . Tests conducted at temperatures bel ow freez i ng 
showed that the catalyst beds , as desi gned , wou l d  remove hydrogen and oxygen 
gases at the des i gn rate for at l east a few weeks  u nder these temperature 
extremes .  
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8.0 SAFETY 

The hazards of handl i ng hydrogen gas have been eval uated over many 
decades , and l i terature prov i des tab l es for spec i f i c  mi xtures wi th a i r ,  
oxyge n ,  etc . ( Perry 1950 ; Wheast 1967) . Hydrogen gas has the fol l owi ng 
characteri st ics :  

o Extreme f l ammabi l i ty i n  concentrat i ons of  4 . 1  to  74. 2 vol %  in  a i r  

o Requi res a n  ox i d i z i ng agent i n  m inimum quant i ty (usual ly  oxygen ,  
mi n imum 5 . 0%) to be f l ammabl e  

o Eas i ly i gn i ted and burns wi th a hot , nearly i nv i s i b l e  f l ame . 

These characteri st i cs l ead to a s i ng l e  concl us ion :  avo i d  any 
cond i t i ons that can produce combustion with i n a conta i ner.  Th i s  precaut ion 
al so extends to gases l eak i ng or bei ng vented from a contai ner , and to 
potent i al accumu l at i on i n  bu i l d i ngs or other enc l osures i n  wh i ch can i sters 
of waste may be stored . 

8. 1 HYDROGEN REACTIONS WITH VARIOUS OXIDANTS 

The Bureau of M i nes (Zabetak i s  1965 ) provi des cons i derab l e  i nformat ion 
on th i s  subject , i nc l ud i ng the fo l l owi ng l im i ts of  f l ammab i l i ty of hydrogen 
i n  var i ous ox i dants at 25° C and atmospher i c  pressure shown i n  tab l e  8- 1 .  

Tab l e  8- 1 .  F l ammabi l i ty L imits  
of Hydroge,l in  Various Ox i ­

dants at 2 5  oc and Atmo­
spheric P1·essure . 

Ox i dant Lower Upper 
l imi t 1 imi t 

Oxygen 4 . 0  9 5  
Ai r 4 . 0  75 
Chlor i ne 4 . 1 89 
N20 3 . 0  84 
NO 6 . 6  66 

Detonat i ons can occur at h i gher concentrat i ons ( >�17% hydrogen i n  a i r ) . 
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There are al so fl ammabi l i ty l imits  for the ox i dant s .  For i nstance , the 
l ower f l ammabi l i ty l imi t of oxygen i n  hydrogen is 5%. Oxygen i s  more l i ke ly  
than hydrogen to  be consumed (scavenged ) by chemi cal react i ons wi th other 
material s i n  a waste cani ster. A l so ,  the oxygen gas generat i on rate i s  only 
hal f  that of hydrogen in the water radi olys i s  proces s .  These factors often 
make the control of oxygen more advantageous than the contro l of hydrogen . 
Under thi s  control cond i t i on ,  the i n i t i al atmosphere mu st bP. i nerted and ai r 
1 nleakage excl uded , usual ly by mai nta i n i ng the can i ster i nternal presstJre 
above atmospheric  pressure . I n  add i t i on ,  assurance mu st be obtai ned that no 
oxygen producing reactions wi l l  occur ,  such as those wh i ch wou l d  convert 
ni trates to n i tri tes , or that other oxi d i zers such as NO or N20 wi l l  be 
prodUCPd . 

8.2 CATALYSTS 

Catalysts i ntroduced suddenly i nto an atmosphere of a f l ammab l e  
hydrogen-oxygen mi xture can become an igni t ion source . Therefore , i n  
retrofi t  s i tuat ions , contai ners shou l d  be vented and purged pri or to the 
in i t ia l  i ntroduction of a catalyst bed to prevent the poss i bi l i ty of 
ign it ion.  Where gas concentrat ions { H2 and 02 ) are under the f l ammab i l i ty 
l imi ts ,  the recombi nat i on reaction proceeds s l owly and rap id  heat i ng or 
burn i ng does not occur . 

8 . 3  OVERPRESSURE VERSUS FLAMMABIL ITY 

As ei ther of the key probl ems of fl ammabi l i ty or overpressure i s  
addressed , the i nvesti gator shou l d  ensure that cond i t i ons are not i ntroduced 
that produce a potent i al hazard from the other.  Each correct i ve act i on has  
the  potent i al for affect i ng both , and comp l ete eva l u at ions and projecti ons 
shou l d  be made pr ior to tak i ng the correct ive act ion .  

Al so ,  shipp i ng and l ong-term storage prov i de s i gn i f i cant d i fferences i n  
bas ic  parameters , especial ly the t i me factor . Eva l u at i ons shou l d  be made 
for both overpressure i zat ion and f l ammab i l i ty under a l l projected cani ster 
hand l i ng and storage cond i tions . 
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APPENDIX A 

U .S .  NUCLEAR REGULATORY COMMISSION REQUIREMENTS FOR WASTE 
SHIPMENTS SUBJECT TO HYDROGEN GAS GENERATION 



UNITED STATES 
NUCLEAR REGULATORY COMMISS I ON 

OFF I CE OF INSPECTION AND ENFORCEMENT 
WASHINGTON , D .  C. 20555 

September 10 , 1984 

S S I N S  Ho . : 6235 
IN 84· 72 

I E  I N FORMATION NOTICE NO . 84-72: CLARIFI CATION OF COND ITIONS FOR WASTE 
SHI PMENTS SUBJ ECT TO HYDROGEN GAS GENERATION 

Addres ues : 

Al l nu: l ea r  power reacto r faci l i ti es ho l d i ng an operati ng l i cense (OL)  or 
cons tructi on perm i t (CP) and certai n reg i ste red users of  NRC Certi fi cates of 
Comp l i ance for transport pac kages . 

Purpo se : 

ihe NRC ' s  Off i ce o f  Nucl ear Materi � , � Safety and Safeguards ( N�S S ) has i dent i · 
fi ed a need to c l a ri fy c o nd i t i o n s  re ; ati ng to the us e o f  NRC- certi f i ec �ackages 
for s h i pment of was tes . 

o ; s c u s s i on :  -

A potenti a l  exi sts for the gene rat i on o f  combus t i b l e  quanti ti es  o f  hyd rogen for 
c e rta i n was te forms- contai ni ng radi oacti ve mater fa 1 .  Thi s i s  perti nent to 
s h i pments o f  res i ns , b i n d e rs , waste s l udge , and wet f i l te rs . I �  i s  not pe rt i ne nt 
t� c ry c:mpac ted o r  uncompacted was te anc i rrad i a ted hardwa re .  

i n  ge ne ra l , app l i cati ons for was te package certi f i cates o 'f  ·comp l i ance have not 
acd r e s s e d  the potenti al  for gene rati on of combust i b l e ;as m i xtu re s . Generi c 
req u i rements have recently been i ncl uded i n  certai n NRC Certi f i cates of Comp l i ance 
to - precl ude the possi b i l i ty of s i gn i fi cantly reduci ng pac�agi ng effect i venes s 
1 n  use . These condi ti ons are typ � ca l ly s tated as fo l l ows : 

( :) F o �  any package conta i n i ng water and/or organ i c  s ubstances that cou l d 
rad � o l yt � ca l l y gene rate combus t i b l e  gas es , i t  mus t  b e  dete rm i ned by te s t s 
a�d meas ureme nts o f  a rep res e n tat i v e  package whether o r  n o �  the fo l i owi ng 
c r i ter i a are me t over a peri od of t i me that i s  twi c e the expected s h i pmen t  
t i me :  

( ! )  The hydrogen generated m u s t  b e  l i mi ted t a  a mo l a r quant i ty that wou i d  
b e  no more than S: by v� l ume ( or equi val ent l i m i ts for other i nfl ammab l e  
gase s )  o f  the s econdary _contajn e r  gas v o i d ,  i f  p re s ent , at STP ( i . e . , 
nn more than 0 . 063 g-mo l es /ft at 14 . 7  p s i a  and i0° F )  o r  

( b )  ihe s eco ndary c o n ta i ne r  and ca s k  �av i :y mu s t  b e  ' ne r: e d  w i t h  a 
d i � ue n t  to e n s u r e  that o xy g e n m� s :  c e  1 i m � : e c  : :  s: cy vo l ume i n  
t�o s e  po rt i o n s o f  the p a c kage that c o u 1 d  h a v e  hyd�oger. grea �e � than 
:: w  ..... . 
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� o r  any p ackage de l i ve red to a ca rr i e r fo r 
c o n ta i n e r  mu s t  o e  p re pared f o r  s h i pment i n  
ae �e �mi na: i o n f o r  gas ge�e ra t i o n  i s  made . 
�hen the pac kage i s  p �epared ( s ea l ed )  and 
the expec�ed s h i pmen t t i me .  

: N  84 - 72 
Sep t emo e r  10 , 198( 
P age 2 of Z 

� rans po rt . �he s ec�ndary 
��e same ma nne r i n  �h i ch 
T h e  s h i pme r.� � e ri od b e� � n s 

must b e  comc i e tec �i th i n  twi ce 

( Z )  F o r  any p ackage conta i n i ng mater i a l s wi th radi oact i v i ty c o nc en trat i o n not 
exceea i �g that fer l ow spec i f i c act i v i ty ( LS� ) ma:e r i a l , an a s h i p p ed 
� ; :n f r. 10 days o f  preparati on , or w i th i n 10 cay s  a fte� ven t i ng o f  dr�s 
o r  o·ther s econca ry conta i ne rs , the detenni nat i on i n  ( l )  above n e ed no t be 
mace , and the t i me restri ct i on tn ( l )  above doe s  net app l y .  

: n e gen e rat� on o f  combusti b l e gase s  i s  depe nden t  o n  the was te fo rm ,  rad i oact i ve 
co n c entrat i on and i s o tope , f ree v o l ume , to ta l mas s and ac:u�u 1 a�ed do s e i n  the 
wa s te .  I n  add i ti on , p ackagi ng l i m i tati o n s  s uch as e f fect i v e  s h i e 1 d i ng p ro v i cec 
may p rec l ude �he rad i oacti v e  concentrat i ons and hence the gen e rat i o n  of com­
:: u s ti b l e  gas es . 

! t  i s  b e l i eved , i n  mos t cases , that the abo ve comb u s ti b l e gas cri �e r i a for 
•as ·te net exceedi ng LSA concentrat i o n s  wi 1 1 be me t by e ns u ri ng that �as te 
pac kage s a re s h i pped wi th i n  10 days of p repa rat i o n .  Howe v e r , i n tho s e  cases 
�he re th i s  i s  not feas i b l e ,  l i censees may reque s t  a s p e c i f i c  app rova l  for the i r  
p r��csed s h i pment . The app l i cat i on shou l d  addre s s  tho-s e facto rs that wou l d -. _ 
p �e : l ude the generat i o n  o f  comb ust i b l e gas e s  ov e :- at l east t·,... i :e �he expectec 
s h i pme n t t i me .  Such app l i cati ons s hou l d be d i rected tc NMSS . 

: n  a l l e t h e r  c a s e s , a dete rmi nati o n mus t �� made i n  ac:ordar.ce wi �r. the p ro­
v i s i on s  of t�� ce rt i � i cate that the requ i :-eme�ts of ( l )  abo v e  are met .  Any 
�e s ts a nd �s a s urerne�ts that are rep res e n ta t i v e c f :Me �a s te :: b e s h i pped a�� 
ac:res s th e facto r-s �.hat affect gas gen e rat i on iiiay be  �.:�c. T h e  cete :-r.: i  r.ati e n  
s ho u i d b e  documented a n d  reta i ned as part o f  the reco rds fer the s h i pmen t .  

Rec i p i ents c f  th i s no ti ce s h�u 1 d  rev i ew the i n fc �at i on d i scu s s ed f o r  p os s i b l e  
app l i cab i l i ty to the i r �a s te s h i pments . No wri tten :-espons� to th i s  i n f o rmat i o n 
n o t i c e i s  req u i red .. � f  you have any ques t i c :-: s  rega r� i :-tg th i s  matter , · p l ea s e  
co ntact NMSS . 

�e � �n i c a 1  C o n t act : 

;f_j j� -
Edward�C / J o rda n , D i rector 
O i v i s i o i]'  of Eme rgency � re?a :-ean e s s  

and g i nee r i ng R e s po n s e 
O f f i c e  c f I nspecti o n a nd :r. fo r:eme n t 

C .  � MacOonai d ,  N�SS 
30l- 4Z7 · -4 :zz 

A�:ac!'lme n t. :  
� � s :  c f � e � e � : l y  ! s s ued ! E  ! n fo rma t i cn � c � i : e s 
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UNITED STATES 
NUCLEAR R EGULATORY COMMISSION 

WASHINGTON, 0. C. 20515 

Transpo rta ti on Certi fi cati on Branch 
Aperoval Record 

Combu s t 1 bl e  Gas Mi xtu res 

Condi ti ons were impos ed on pa ckages conta i ni ng wa te r  and/or organ i c  
substances to l imi t the ac cumu l a t i on of rad i olyti ca l l y  generated ga ses 
ove r  the shi pping peri od to precl ude the pos s i bi l i ty of s ig n i fi cant l y  
reduci ng the packag i ng effect i venes s due to exp l os i on .  

Part of the cond i ti ons i ncl uded • • • •  i t  mu s t  be de termi ned by tes ts and 
measurements of a repres enta ti v e  pa c ka g e  whe th e r  or not • • . •  • 

There i s  no reas o n  to bel i ev e  tha t ca l cu l a ti onal me thods cou l d  not be 
used as means of de term i ni ng ga s genera ti on .  So as not to precl ude a 

9 val i d ana l ys i s ,  pa rt of the condi ti on to l i mi t the accumu l a ti on of 
rad i ol yt i ca l l y genera ted ga ses i s  rev i s ed to read 11 • • •  i t  mu s t  be determi ned 
by tes ts and measu rements or by ana l ys i s  of a repres enta t i ve pa ckage 
whether or not • • • •  • 

-

The ana l yt i c  approach i nvo l ve s de te rm i n i ng th e  hydrogen genera ted i n  the 
was te by rad i ol ys i s  based on the absorbed dos e  of the was te ove r  a given 
peri od of time . To sa ti sfy the c9ndi ti on to prec l ude a combu s t i b l e  
mi xtu re ,  the peri od s i nce cl o s u re · and twi ce the shi ppi ng time mu s t  be 
cons idered . The ca l cu l a t i on requ i res tha t the prope rti es of the wa s te 
a re known . Thes e properti es may be de termi ned fran tes t a nd measu rement 
of repres entati v e  wa s te forms or from da ta tha t  i s  appl i ca b l e  to the 
wa s te form .  The de termi na ti on shou l d  be documented and re ta i ned as part 
of the records for the shi pment . 

oa te :_IAY_z_z _SJS __ 
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APPENDIX B 

DETERMINING VOID VOLUME BY GAS/PRESSURE LOSS 

A contai ner may be l oaded wi th materi a l s  of unknown dens i ty and vol ume , 
maki ng determi nat i on of the voi d  volume by wei ght measurements al one 
i mpossi b l e .  If the contai ner i s  val ved , a gas samp l e  bomb of adequate s ize  
may b� attached and used al ong wi th pressure measurements to  determ i ne voi d  
vol ume . 

The pressure of the contai ner gas i s  governed approx i mately by the 
ideal gas l aw ,  PV = nRT. If we operate at known or constant temperature , 
the fi xed vol ume , V ,  can be measured effecti vely  by chang i ng the vol ume of 
gas , n ,  by a known quanti ty and observi ng the change i n  pressure , P . 

Ini t ia l  cond i t i ons i n  contai ner : 

PoVo = noRTo 

F i nal condi t i ons i n  contai ner after add i ng a known vol ume of gas from the 
attached gas samp l er bomb : 

where 

no and 

Po and 

n1 = moles of gas , i n i t i al and f i nal , respecti ve ly ,  
n = the gas added , expressed in  mol es , 

Vt = Vo = the voi d  vol ume of the contai ner , 
R = gas constant , 

Tt = To (or both Tt and To are known) temperature of 
container, 

Pl = pressure , i ni t i al and f i nal , respect i ve ly ,  

PtVt PoVo 
n = nt - no = 

RTo 
-

RTo 

the 

By al l ow i ng the contai ner to equ i l i br i ate after addi ng the gas , and 
tak i ng al l measurements at near ambi ent temperatures (To = Tt) , we can : 

l et 

RTo = RTt = RT 

8-1 

( 1 ) 

(2 ) 

{3 ) 

(4) 
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then 

n = v0 
(Po - Pl )  

RT 

and 

Vo = RT 
(n ) 

(Po - PI)  

If  you start by measur i ng the i n i t i al pressure of both the  vessel  and 
the gas sampl er ,  and you know the vol ume of the gas sampl er bomb ( sampl er 
s i ze shou l d  approx imate the best estimate of the vo i d  vol ume for optimum 
resul ts ) , then the change i n  the samp l er cond i t i ons wi l l  be comparabl e to 
that i n  the vessel  voi d  vol ume as fol l ows : 

where 

(n ) V2 = RT -( p_2 ___ pi-) 

V2 = vol ume of samp l er bomb , 
P2 = i ni t i al pressure of samp l e  bomb , 

n = mol es of gas l ost (or gai ned ) from samp l er to the voi d  
vol ume of the contai ne r .  

Si nce n i n  both equati ons 6 and 7 i s  t h e  same , then : 

and , t herefore 

(P2 - PI ) Vo = V2 ...;..( P-=o-_---=p I::..;..) 
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(5) 

(6) 

(7 ) 

(8 ) 

( 9 )  



By a series of pressuri zat ions and/or purg i ngs of the sampl er bomb , (with a jud i c i ou s  peri od for temperature stabi l i zati on between each step) 
the void  vol ume of the contai ner can be c l osely measured . 

Contai ner and test assemb ly i ntegri ty shou l d  be veri f i ed to avo i d  
errors due t o  l eaks . Secti on 5 . 2 . 3 . 3  d i scusses some methods to check and 
compensate for l eakage effects . 

leaks may al so be checked by conduct i ng carefu l p.-·essure bomb tests i n  
both a pressure- i ncrease and pressure-decrease mode . Descrepanc i es between 
the two volume est i mates wi l l  i nd i cate the magni tude of any l eakage . 
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