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ABSTRACT 

A field experiment was conduc,ted over a four-year time span-to 
determine the effect of high-activity transuranic (TRU) waste on 
the atmosphere within TRU waste storage drWlls typical of those 
generated in Savannah River Plant operation. Routine gas composi
t ion analyses showed that a - ,significant amount of hydrogen can 
accumulate in drums that contain high alpha activity, and that 
flammable gas mixtures could form in such drums in spite of the 
radiolytic conswnption of oxygen. According to this study, gas 
pressure accWIlulation does not pose a threat to the integrity of 
the TRU waste containers thst are now being stored at the Savannah 
River Plant. Therefore, the 20-year storage criterion is still 
viable. However, the continued avoidance of a perfectly gas-tight 
drum seal (e.g., epoxy, metal welding) is recommended. The ,tesl 
drums will continue to be monitored. 
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RADIOGENIC GAS ACCUMULATION IN TRU WASTE STORAGE DRUMS 

INTRODUCTION 

In 1970, the Atomic Energy Commission issued an Immediate 
Action Directive (IAD-0511~21) which defined the standards for 
transuranic (TRU) waste disposal that are presently in effect. 
This document mandated the retrievable storage of all solid waste 
containing more than 10 nCi of alpha-emitting radionuclides per 
gram, designated TRU waste, in containers with a minimum storage 
life of twenty years. 

At the Savannah River Plant (SRP) , TRU waste is normally 
stored in drums, which are then placed on specially engineered 
concrete pads in the burial ground. The drums that contain more 
than 0.5 Ci of alpha activity are placed in large concrete con
tainers called culverts (fourteen drums per culvert) for additional 
containment security. When full, the culverts are placed on the 
pads beside the TRU waste drums: Finally, the pad (drums, cul
verts, and all) is covered with earth, a waterproof liner, and a 
layer of soil planted with shallow-rooted vegetation. This storage 
mode is designed to provide for retrieval of the drums, free of 
external contamination, for a period of twenty years. It is antic
ipated that these burial mounds will remain undisturbed until 
recovery procedures can be implemented. The waste will then be 
repackaged for continued extended storage onsite,. or for shipment 
offsite to a federal repository. Alternatively, it will go into a 
proposed process that will combine the TRU species with SRP high
level waste for conversion to a form suitable for geologic storage 
offsite. 

Safe loading limits for TRU waste drums are currently estab
lished by two separate criteria, the heat load limit and the limit 
based on nuclear safety considerations. The heat load limit is 
defined by a lower limit estimate of the amount of material which 
could cause the temperature of a waste storage drum to exceed the 
point of thermal stability for waste components contained by that 
drum. The maximum allowable temperatures are 190°F for drums that 
contain anion exchange resin, and 26SoF for all o·thers. The activ
ity or mass of each radioactive contaminant that can be stored 
safely is calculated from these temperatures and from the power 
dissipation limits that have been calculated for the drums and 
culverts. The only material that is present in TRU waste at SRP 
that represents a significant heat load to the storage system is 
238 pu . Current loading limits of 238pu per container are given in 
Table 1. 
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TABLE 1 

Heat Load Limits of 238pu 

Waste Matrix 238pu/Drum, g 238 Pu/ Culvert, g 

Normal 32 110 

With Anion 
Resin Present 1.·1 -62 

The nuclear safety limit is defined only in terms of ·fissile 
isotopes, so it generally does not affect the amount of activity in 
the waste drums at SRP, which is due mostly to 238pu. 

The distribution of activity in the TRU waste drums stored at 
SRP is given in Table 2. Less than 13% of all drums stored at SRP 
between 1974 and 1977 contained more than 3 Ci/drum of 238pu activ
ity. Current and projected future TRU waste loading at SRP has 
been described in Reference 1. 

TABLE 2 

Distribution of 2'8pu in SRP Waste DrUIIUI 
(July 1974 - June 1977) 

Grams of Number of Ma x imum 
238pu Drums Curies 

0- 5 657 85 
5 - 10 36 170 

10 - 15 24 255 
15 - 20 14 340 
20 - 25 9 425 
25 - 30 4 510 
30 - 35 3 595 

The major purpose of the work described in this report was 
to obtain the basis for a critical appraisal of current TRU waste 
handling practices. Results. showed that in terms of possible 
hazard the most important are the procedures for sealing the TRU 
waste drums, and the limits placed on the amount of radioactivity 
that may be stored in a given waste drum, 

Experiments perfol'1lled by the Savannah River Laboratory2 and 
elsewhere3- 5 have indicated that gases prod·uced by waste radiol
ysis, although not radioactive, could conceivably cause storage 
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drums to fail as a result of excessive internal pressure. In addi
tion, potential buildup of flammable gases in the drums creates a 
risk of breach of containment should ignition occur. 

Recognizing the dual hazard potential, for breach of contain
ment as well as fire or explosion, an experiment was initiated in 
19766 to acquire data on the. drums as they exist under a~tual 
storage conditions. That experiment, which is reported here, was 
designed to measure the pressure buildup and gas composition within 
drums that contained TRU waste of high specific activity. To 
accomplish this, four drums-were filled with a known inventory of 
highly contaminated material consisting of typical SRP waste. The 
waste was treated normally in all ways, except that special provi
sions were made to monitor the pressure, temperature, and gas 
composition in each drum at the storage site. Measurements were 
made and data were collected on a monthly basis for over four 
years. 

RADIATION EFFECTS 

Radiolysis 

The effects of radiation on various waste matrices have been 
studied in some detail. 2- 5 Radiation generally causes the decompo
sition of the absorbing matrix with the production of gas as a 
resul t. Gases can also be "consumed" in this process by reaction 
with the matrix. The rate at which energy is absorbed by the 
reacting substrate has proven to be the rate-determining factor, 
both in terms of the disintegration of that substrate, and in terms 
of the production or consumption of gases within the system. 

The radiolysis of organic material in a closed system 
generally produces hydrogen, carbon dioxide, carbon ]IIonoxide, and 
light hydrocarbon gases. Oxygen is consumed, if present. In the 
absence of oxygen, the radiolysis products of hydrocarbons are 
simply hydrogen and small amounts of methane, ethane. and propane. 
Radiolysis of cellulosic material produces mostly hydrogen, carbon 
dioxide, and carbon monoxide. Nitrogen is generally unaffected by 
radiolysis. 

The consumption of oxygen occurs as a result of the radiation
induced production of free radicals in the waste substrate. 
Oxygen, in its normal triplet ground state, reacts rapidly with 
radicals to form larger peroxy radicals. These, in turn, react to 
form either acidic functional groups on the waste substrate or 
carbon dioxide gas. These facts are reflected in the observations 
concerning the radiolysis of cellulosic waste. As mentioned previ
ously, carbon dioxide is produced by the radiolysis of cellulosic 
DIS teria 1. In the absence of oxygen, carbon monoxide produc t ion 
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can exceed that of carbon dioxide. When oxygen is present, how
ever, carbon dioxide produc tion increases while carbon monoxide 
becomes almost negligible.S 

Another factor that can influence radio lytic gas production is 
the dose (the energy absorbed per gram of waste), The alpha ra~io
lytic production of gas may be somewhat less efficient after large 
doses of alpha radiation have been absorbed by the substrate sur
face.3 Unfortunately, although it was known that the dose rates in 
this field study ~re fairly high, exact dose measurements could 
not be obtained 'because of the "nonhomogeneous nature of the waste. 
Inspection of the data concerning gas generation rate, including 
drum pressurization rates and gas composition changes, indicated 
that the cumulative doses probably did not affect the radiogenic 
gas production rates during the four-year experimental period. 

G Value 

The measure of gas production efficiency in radiolytic pro
cesses is G. G is numerically equivalent to the number of mole
cules of the gaseous species in question that are produced per 100 
eV" of radiation absorbed by the ,ubstrate. Gas consumption is 
"represented by a negative G value. All of the alpha radiation 
emitted by radioactive material in a waste matrix is considered to 
react with that matrix. For the purposes of this report, only 
alpha radiation will be considered. 

Some typical values of G are listed in Table 3. The value of 
G for all gases produced and consumed by the radiolysis of cellu
losic material (GTOTAL for cellulose) is given as 1.9. How
ever, it is important- to realize this only represents the effi
ciency of a process carried out under specific conditions; G values 
are functions of gas composition, pressure, and dose' rate. The 
usefulness of G values is that, if conditions are reasonably 
similar, a good estimate of gas production rates can be made with 
these numbers. 
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TABLE 3 

The Radiolytic Decomposition of Various TRU Waste Matrices' 

Matrix G* (gas, total) 

Ce llu los ics 1.9 

Polyethylene 1.9 

Pump oil 2.0 

Octane 4.5 

PVC 8-11 

Approximate Molar 
Production ~tios 
H2 CO 2 CO 

1.0 0.7 0.3 

1.0 0.05 

1.0 0.25 

1.0 0.5 

1.0 0.05 0.05 

* The G value represents the number of molecules of gas produced 
per' 100 eV of absorbed alpha radiation, including the negative 
effects of oxygen consumption. 

EXPERIMENTAL 

Procedure 

The experiment reported here consisted of monitoring four test 
drums, the concrete culvert that contained them, and outside air. 
Temperature, pressure, and gas composition measurements were made 
on a monthly basis from the 101st day after the drums were sealed. 
A detailed description of the experimental materials and procedures 
is given in Appendix A. Measurement and sampling techniques are 
described in Appendix B. 

Drum Atmosphere Data 

The data for all routine drum measurements, from Day 101 to 
Day 1538, are normalized and entered in Tables B-1 through B-4 in 
Appendix B. The concentrations of the radiogenic gases, hydrogen 
and carbon dioxide, are plotted for each drum with respect to time 
in Figures 1-4. The gases related to flammability considerations, 
hydrogen and oxygen, are also plotted for each drum in Figures 5-8. 
The approximate lower limi): of explosivity, It 5 .mole % of both H2 
and °2, is indicated by the dotted lines in these figures. How
ever, mixtures of hydrogen and air are considered flammable down to 
4% hydrogen. 7 The total pressure in each of the four drums is 
plotted as a function of time in Figure 9. 
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Culvert Atmosphere Data 

The lid of the culvert that contained the test drums was 
grouted and sealed, but hydrogen accumulation was almost negli
gible. The largest hydrogen concentration measured in a culvert 
air sample was about 0.7 mole:t. Small amounts of NOx and hydro
carbons were measured, and some oxygen depletion was also observed, 
but the pressure never exceeded 0.1 psig. The chap.ges that were 
observed in measured pressures and concentrations in the culvert 
were too small to warrant graphical treatment, but the data are 
recorded in Table &-5 in Appendix B. 

RADIOGENIC GAS PRESSURIZATION AND LEAKAGE RATES OF TRU WASTE DRUMS 

Gas Production Bate 

The best estimate of the total gas production rates within the 
experimental drums is based on laboratory experiments performed at 
SRI. and elsewhere.2 - S Under laboratory experimental conditions, 
the production rate for similar matrix compositicms was approxi
mately 0.01 mL/(min)(Ci), which corresponds to the GTOTAL of 
about 2 (see Table 3). Using this value for the calculatlon, gas 
production rates ranged from 0.3 mL/min to 1.5 mL/min, depending on 
the activity in the drum. These rates should have diminished only 
slightly over the duration of the experiment and are essentially 
constant. 
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Since the purpose of the experiment was to measure pressure 
accumulat ion in actual TRU waste drums, no changes in the waste 
containment or drum closure procedures could be tolerated. Under 
these constraints it was not possible to measure the production 
rates of the radiogenic gases directly because a significant 
quantity of gas was escaping ·from the drums at all times. 

A lower limit for the gas production rate was estimated based 
on the increases in gas pressure that .... re observed in the drums. 
The resul ts are summarized in Table 4. The potential pressure 
accumulations' listed in fhe table represent the pressures that 
would have been achieved if the drums had accumulated pressure for 
four years at the most rapid rate measured for each drum. 

TABLE 4 

Estimated Kaximulll Pressures After Four Years of Storage, psig 

Extrapolated Activitl/Drum 
Value 37 cl. 47.5 Ci 112 ci 147 Ci 

Largest lIpRz 17 - 19 4 - 12 133 - 193 97 - 99 

Largest lIpCOz 48 - 52 14 - 26 41 _ 69 68 - 82 

If G = 2.0 67 85 203 256 

Largest lip 
Total 33 24 29 33 

Actual 
Pressure After 
1482 Days 1.0 0 4.2 4.4 

All numbers represent gas pressures in psig. The partial 
pressures of hydrogen and carbon dioxide in the test drUllls .... re 
calculated from each month's data. The largest two increases in 
these values were extrapolated to obtain an estimate of the 
potential pressurization rate for a closed system. A few of the 
largest apparent partial pressure increases .... re rejected, as noted 
in Tables 11-1 through 11-5. These were identified as intervals 
which included a data point on either side associated with: 

1) A decreasing total drum pressure (>0.1 psig/month) 

2) An excessively large or small partial pressure for the 
gas in question 
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3) A decrease in the partial pressure of the other radio
genic gas, either carbon dioxide or hydrogen. 

The values that were used are believed to represent the 
highest pressurization rates that could be realized if the drums 
were perfectly sealed. The chosen values are noted in Tables 11-1 
through 11-4. The pressurization rates so obtained are given- in 
Table 4 in terms of pressure that ,"",uld accumulate in each drum if 
that pressurization rate were realized over a four-year period. 

Calculation involving G-.values are based on the free volume 
inside the drums rather than total containment volume. The free 
volume in the drums was estimated at 70% (see Appendix D). 

All four of the drums demonstrated approximately the same 
maximum rate of total pressure accumulation, as measured directly 
by gauge. The monthly differences in partial pressure measure
ments, however, were strongly dependent upon the activity in each 
drum. And the potential pressure accumulations calculated from 
them were much greater than the extrapolated gauge pressure (total 
pressure) differences. This proves that gas must have been 
escaping the drums, and that the more highly loaded drums were 
losing gas at proportionately higher rates. Furthermore, the real 

·gas production rates must have been' greater than the rate indicated 
by the slope of the total pressure curve. Therefore, GTOTAL 
is greater than or equal to 1.0. It is most likely about 2.0, as 
predicted by laboratory experiment. 

Total Accumulated Pressures in TRD Waate Drum. 

As expected, the magnitude of the maximum pressure was propor
tional to the activity in each drum. The highest total pressure 
observed in an experimental drum was 6.2 psig, which occurred in 
Drum No. 122 (142 Ci) after 1,268 days of storage. The other three 
drums contained somewhat lower amounts of activity and reached 
correspondingly lower pressures; The maximum pressure measured in 
each drum is plotted as a function of activity in Figure 10. Con
sidering the large uncertainty caused by inconsistencies in drum 
seal integrity and gas produc tion . efficiency, the linearity of the 
plot is surprising. 

The plot of maximum pressures extrapolates to over 28 psig for 
a 600-Ci load in the same type of waste matrix. ~owever, in sepa
rate experiments with the drum and gasket combination, drums leaked 
at least 1 cc/{min){psig) at 10 psig no matter how tightly the lid 
was fastened. Since it takes 100 Ci of 238Pu to produce gas at l 
cc/min, if the total GTOTAL value is 2.0, even 600 Ci of arpha 
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FIGURE 10. Relationship Between Curie Content and Drum Pressurization* 

*The plot is drawn through the origin. but the slope, intercept, 
and correlation coefficient of the least squares fit for iust the 
four data points are 0.048, - 0.44, and 0.997, respectively. 
Ideally, the y intercept would be at the origin as drawn. so its 
magnitude (- 0.44) is a measure of the non-ideal behavior of 
the system. 
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actlvlty would not cause the pressure to reach 10 psig. 
gas pressure should not affect the drums unless loading 
violated or extraordinary sealing procedures are used. 

Therefore, 
limits are 

Calculated Leak Ratea 

Taking the production and leak rates as equal at any point of 
zero pressure increase, the leak rates can be estimated from 
GTOTAL values th~t have been."measured in the laboratory. The 
pressure maximum for each drum can therefore be considered the 
greatest amount of pressure that might be required to induce tha"t 
I eak rate. Even if GTOTAL is only 1.0 for these sys tems , the 
average leak rates for tlie test drums were 0.3 to 1.5 cc/min (gas 
volume at ambient temperature and pressure) in the drum pressure 
range of 1.4 to 6.2 psig. 

The larges t actual leak rates (cc/min) that occurred in the 
experimental drums can not be calculated from the data, but" the 
largest pressure losses can be used to obtain the highest aversge 
leak rate for the one-month interval. These calculations were 
based on an assumed gas production efficiency (GTOTAL" ~ 2.0) 
and on a free internal volume estimate of 70%. The results are 
given in Table 5. 

TABLE 5 

Maximum Estimated Leak Rates of Four Experimo!ntal TRU Waste Drums 

Drum 
Number 

119 

121 

120 

122 

Seasonal 

Loading of Pressure 
238 pu , Ci psig 

37 0.5 - 0.0 

48 1.0 - 0.2 

113 4.6 - 4.0 

142 5.8 - 5.0 

Pressure Fluctuation 

Range, 

Highest Average 
Leak Ra te for 
30-Day Interval, 
cc/min 

0.4 

0.5 

1.3 

1.7 

The total pressure in the drums at one time was quite vari
able, as each of the drums vented pressure periodically. The 
overall trend was toward gradually increasing pressures, with occa
sional losses, until a maximum pressure was reached. The more 
highly loaded drums were more stable in maintaining gas pressure, 
while those with less than 50 ci of activity often vented com
pletely, leaving only a sli~ht positive pressure in the drum. 

- 18 -



In addition to the random pressure fluctuation, there was a 
large sinusoidal variation in drum pressure on an approximately 
seasonal basis. The total pressure curves of the two more highly 
loaded drums are almost superimposable, with the lowest pressures 
observed routinely around February, and the highest around August. 
Calculations show that these pressure variations cannot be.- ac
counted for simply by gas expansion and contraction with temp
erature. Measurements, obtained through day 553, indicate that the 
temperature of the drums was always within about 5°C of ambient, so 
a complete inversion of the _temperature gradient would represent a 
change of only' 0.5 psig in "fatal drum pressure. This would not 
account for the much larger and more gradual effects that were 
observed (Figure 9). 

Temperature and humidity effects probably cause the sinusoidal 
shape of the pressure curves for the two drums with more than 100 
Ci of alpha activity by inducing variations in the resistance of 
the drum gaskets to leakage. The cause may be as simple as 
expansion and contraction of the drum gasket itself. 

GAS COMPOSITION IN TRU WASTE DRUMS 

Relative Production Rates of Hydrogea aad Carbon Dioxide 

Hydrogen and carbon dioxide are the main products of waste 
radiolysis, and significant concentrations of these two gases were 
measured in the experimental drums (Figures 1, 3, 5, and 7). 
Although the semiclosed nature of the drums made it impossible to 
accurately determine absolute production rates, estimates of 
relative production rates were made based on the assumption of a 
diffusion-controlled mechanism. 

Relative production rates were estimated by first taking the 
ratio of the averaged measured concentrations of hydrogen and 
carbon dioxide in the drums. Then, assuming the drums to be a 
diffusion-limited system approximately at equilibrium, Graham's 
law was invoked. Therefore, the ratios of the measured hydrogen 
and carbon dioxide concentrations were multiplied by the ratio of 
the square root of their masses (H2 and CO 2) to obtain their 
relative leakage rates. These were then equated with relative 
production rates. NOx , CO, and hydrocarbon production rates were 
considered negligible. The equation used for estimating CO 2 :H2 
production ratio is: 

[H2 lav [H2l prod 
= 4.7 

[co2 lav [CO2 ] prod 

where 4.7 is ~ =V atomic weight of CO 2 
" 2 atomic weight of H2 
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[Hzlpv and [cozl av are 
trations ~mole %) of H2 and CO 2 , 
percentage of Hz and COz for each 

TABLE 6 

the average observed concen
The estimated relative production 
of the drums is given in Table 6. 

The Relative Production of HZ and COZ in TRU Waste Drums 

Drum No. 119 

51 

49 

120 

95 

5 

121 

36 

64 

122 

82 

18 

These estimates are in reasonable agreement with the produc
t ion rat ios found in laboratory experiments. The radiolysis of 
matrices containing similar organic material has produced gase·s of 
approximately the same composition (References 2-5), although Drum 
No. 121 is somewhat low in hydrogen production. Therefore, the 
calculations support the assumption that the system is largely 
diffusion-controlled. This means that the drums leak slowly and 
cont inuously, probably from pores or small cracks in the gasket 
seal. 

Hydrogen and Oxygen Concentrations 

All four of the test drums exhibited significant oxygen deple
t ion as hydrogen gas accumulated. This happened at slightly dif
ferent rates [Ap02/Ci(year) 1 because of the random nature of the 
waste, the differences in contact efficiency with the source of 
radioactivity, and the variability of the gasket seal. "A point of 
crossover, where the hydrogen and oxygen concentrations were equal, 
was observed at least once in each drum (Figures 5-8). The concen
tration of the two gases at that point (Table 7) is a good indica
tion of their corresponding reaction rates and the potential for 
the format ion of flammable gas mixtures in the TRU waste drums. 
Gas mixtures with either oxygen or hydrogen concentrations below 
5 mole % are considered nonexplosive, based on explosimeter 
experiments performed at Los Alamos National Laboratory with 
radiogenic gases. 4 

As the table shows, the two test drums that contained less 
than 50 Ci of 238pu had hydrogen-oxygen concentrations of less than 
5% at the first crossover. However, each of the three most contam
inated drums contained a potentially flammable or explosive gas 
mixture at least twice during the course of the. experiment. The 
rates of the radiolysis processes were faster in the drums with 
higher loading. However, an exact relat ionship was not observed 
between oxygen depletion/hydrogen accumulation. rates and the 
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radiation load because of the variable composition of the waste and 
the nature of the drum seal. 

The two drums that contained more than 100 Ci of Z38pu reached 
hydrogen-oxygen crossover points 175-220 days after the drums were 
sealed. The faster reacting system (Drum No. 120) contai.ned a 
potentially explosive gas mixture during that period. Both drums 
contained flammable and potentially explosive gas mixtures a number 
of times during tbe experiment. 

TABLE 7 

Hydrogen and Oxygen Concentrations in TRD Waste Dru.s 

curies/drum 

HZ and Oz at 1st 
crossover 

Day of 1st 
crossover 

Number of crossovers 

Average HZ and 0z 
at crossover 

Maximum estimated 
days witb 0z )5% 
and Hz )4% 

Days since 0z )5% 
and HZ )4% 

37 

45% 

900 

7 

2.9% 

o 

47.5 112 142 

2.5% 13.5% .4.3% 

425 175 220 

4' 1 9 

1.7% 13.5% 6.6% 

60 430 320 

now now 
30 present p'resent 

For tbe most part. oxygen depletion is tbe mecbanism tbat 
prevents tbe atmospbere in tbe more contaminated drums from being 
explosive. This process is counteracted by diffusion of oxygen 
back into tbe drums. sometbing tbat was observed in all four drums. 
even against a pressure gradient of 6 psig. 

The two drums tbat contained less tban 50 Ci of 238pu usually 
did not retain bydrogen efficiently enougb to form fl!lDllllab1e or 
explosive gas mixtures. even if oxygen depletion had not occurred. 
Drum No. 119. whicb contained 37 ci ~f Z~8pu. accumulated concen
trations of bydrogen tbat· exceeded 4 mole %. in five different 
months. only two consecutively. The oxygen concentrations were 4.3 
mole % or less during tbat time. making tbe mixture nonexplosive. 
The hydrogen concentration in Drum No. 121 (47.5 CD exceeded 4.0 
mole % only after a storage period of 1420 days. The corresponding 
oxygen concentrat ion was about 7.7 mole %. Hydrogen and oxygen 
appeared to diffuse out of and into tbis drum at a significant 
rate, and tbe intermittent venting of pressure was also observed. 

- 21 -

lilt. " 



~ ------

GAS TRANSPORT 

Waste Containment Bags and Drum Liner 

There is experimental evidence that the waste containment bags 
function as gas concentration buffers for the drum atmosphere. 
Mos t of the bags contain a rich mixture of radiogenic gases, so 
that when the drums vent themselves, the induced pressure gradient 
causes the bags to leak more rapidly. This process tends to keep 
the gas concentra~ions fairly stable with respect to each other. 
It is also consistent with the observation that the concentrations 
of hydrogen and carbon dioxide are virtually independent of .the 
total drum pressure. Correlation coefficients for plots of concen
tration versus pressure ranged approximately from -0.5 to +0.5. 

The normal gas transport process from the waste bags is 
probably diffusion, which tends to favor the retention of carbon 
dioxide and the loss of hydrogen. However, simple slow leakage 
probably occurs also, and this is less selective. 

Drum Gasket 

Hydrogen escapes the drums more readily than carbon dioxide, 
especially at low pressures. There are apparently two mechanisms 
involved, one that operates approximately according to simple 
diffusion laws and one that is even more selective in retaining 
carbon dioxide. OXygen seems to diffuse back into the drums as 
well. 

The calculated production ratios of hydrogen to carbon dioxide 
were relatively low in the drums that contained less than 50 Ci of 
238Pu (Drums No. 119 and 121). In fact, laboratory measurements of 
the radiolysis products of materials similar to those in the waste 
mstri,f are not consistent with the observation that hydrogen 
production was well below that of carbon dioxide in Drum No. 121. 
The erratic (nonequilibrium) nature of the seal does not account 
for this, since the venting of gas in bursts ,,",uld tend to reduce 
the selectivity of the system for carbon dioxide rather than 
enhance it. 

The retention of carbon dioxide relative to hydrogen was too 
great to account for by the difference in diffusion velocities. 
Therefore, it is logical to conclude that the mechanics of gas 
transfer (from the waste drums to open air) allowed hydrogen to 
pass selectively. The hydrogen pathway in this case is probably 
through pores in the gasket or gasket seal. 

There appear to be two mechanisms by which gas can escape the 
drums. At low pressures, hydrogen escapes somewhat select ive ly. 
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But at slightly higher pressures some of this selectivity is lost. 
In both of the more highly loaded drums, the hydrogen concentra
tions increased in relation to the carbon dioxide concentrations as 
the pressure increased over the duration of the experiment. This 
probably means that the gaskets tend to separate far enough from 
the sealing surface to allow the simple diffusion of gas from the 
drums to become the predominant loss mechanism. 

At times, the gaskets are probably forced far enough from the 
seali~ surface to allow bursts of gas to escape. this is probably 
not the dominant pathway ,- .however. For if it were, the carbon 
dioxide selectivity W)uld be lost, and the hydrogen concentrat ions 
in the drums W)uld be consistently higher than the carbon dioxide 
concentrations. 

The theory of carbon dioxide enrichment by selective transport 
from the drums is also supported by the data from the sample volume 
tests (see Appendix C). In these tests, the carbon dioxide concen
tration decreased as larger and larger samples were removed from 
the drum. The hydrogen concentration increased simultaneously. 
These effects were caused by the influx of gas that was relatively 
rich in hydrogen from the waste containment bags. The apparent 
decrease in carbon dioxide concentration as gas was removed from 
the drums is further proof of a selective transport mechanism that 
made the gas outside the drum liner more concentrated in carbon 
dioxide (accountable to the loss of hydrogen) than the gas at the 
source. 

CONCLUSIONS 

The results of this field study indicate that the TRIJ waste 
storage drums are not likely to fail from overpressurization with 
radiogenic gas. The waste drums are not sealed tig~tly enough for 
them to accumulate destructive pressures under the normal loading 
conditions; and should exceptional circumstances be encountered, 
the most probable reaction to excessive stress would be the failure 
of a drum gasket. At worst, this could allow contaminated dust to 
escape the drum, but the associated activity -.ould still be con
tained by the surrounding culvert. 

One circumstance that could conceivably cause a drum gasket 
to fail -.ould be the containment of a large quantity of easily 
decomposable material together with the maximum allowable 238 pu 
actLvLty. Except for unstable chemicals like peroxides, the one 
common material that may constitute a hazard in this respect is 
polyvinylchloride (PVC). G values as high as 11.0 have been 
measured for this substrate. 3 This means that if 550 Ci of 238 pu 
were intimately mixed with PVC, gases (~, C~, CO, etc.) would be 
produced at a rate of about 28 mL/min. The pressure that a sealed 
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drum W)uld attain before achieving an equivalent leak rate is not 
known, but it may exceed 10 to 15 psig. A "blown" or deformed 
gasket might result from this kind of overloading. 

There is no doubt that some of the TRU waste storage drums at 
SRP contain flammable gas mixtures, which could burn explosively. 
The drums that contain the most activity have the highest gas 
generation rates and are also the most likely to contain explosive 
gas mixtures. The depletion of oxygen is an important mechanism in 
preventing the atmosphere in the higher-activity drums from being 
flammable, but it.is not depend'll,ble since the oxygen concentrations 
in the experimental drums intermittently approached explosive 
levels. Furthermore, the waste containment bags can hold signifi
cant volumes of hydrogen at gas pressures at least slightly 
elevated with respect to the surrounding drum atmosphere. This 
could cause a flammability hazard during recovery operations 
because the bags' could ignite very easily, even though all of the 
excess pressure might have been vented from the drum. 

Another important consideration is that heavily loaded drums 
react so quickly that explosive gas mixtures can build up in less 
than six months after the drums are sealed. The four years of 
observation reported here give no indication that loaded TRU waste 

. drums become safer to handle with time. Therefore, once sealed, 
drums that contain more than 100 Ci should be interred within one 
month. 

The present containment facility is more than adequate to 
store TRU waste safely. The culverts will eventually be moved, 
with the drums still inside, to a recovery facility where the fire 
and explosion hazards can be minimized and the TRU waste safely 
recovered. 
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APPENDIX A 

EXPERIMENTAL MATERIALS 

Waste Drums 

Throughout this experiment, the drums and waste were handled 
according to routine procedures. The drums were standard SRP TRU 
waste containers, 55-gallon drums (DOT l7C). They were hot-dip 
galvanized to greater than 3-oz zinc/ft2 , inside and out. and they 
contained 90-mil-thick high-density polyethylene liners. The waste 
itself was contained in plastic bags which were placed within the 
liner. The liner was sealed with Rayco (Raycon Instrument Company, 
Boulder, CO) sealing compound adhesive (MORAD B-3l, Morton Salt 
Company, is now used at SRP). The drum lids were locked on over a 
neoprene-butadiene O-ring gasket, with a galvanized ring bolt and 
90 ft-lbs of torque. 

The neoprene-butadiene gas~ets that are used at SRP are speci
fied to be nonporous, 3/8-inch-thick, endless tubular gaskets. 
Sealing compound is also used to hold the gasket in place on the 
drum lid, but adhesive is not applied to the lower surface of the 
gasket. 

For the purposes of this experiment, valves and airtight bulk
head fittings were connected to each drum wall prior to the intro
duction of waste. These could then be used to take samples and 
make pressure measurements of the gases formed in drums. The 
pressure and sampling taps (bulkhead fittings) were located at a 
point inside the drum wall but outside the drum lin~r (Figure A-l). 
The valves were kept closed until they were connected to the 
sampling and testing lines in the storage culvert. 

Waste 

The experimental drums were filled with typical cabinet waste 
from the SRP 238pu finishing facility. The waste was enclosed in 
plastic bags, which were then placed in the 90-mil polyethylene 
drum liners. An inventory was made of all th~ waste material con
tained by each of the four test drums. This is shown in Table A-l. 
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Culverts 

Like all SRP solid waste drums that contain more than 0.5 Ci 
of alpha activity, the test drums were placed in concrete culverts. 
These are large (7 ft high x 7 ft diameter) cylindrical containers, 
the bottom and side being cast of 6-inch-thick concrete in a singie 
piece. "nIey are designed to contain fourteen 55-gallon waste 
drums, in two tiers of seven. Once filled, the culverts are 
covered with equally thick concrete lids, which are grouted in 
place and sealed,nth epoxy. 

"nIe culvert used in this experiment was equipped with an 
airtight port before the drums were placed. Two thermocouple wires 
and five 1/4-inch sampling and testing lines were then sealed into 
the port so that, once connec ted to the tes t drums, they could be 
used for taking samples and measurements from a station located a 
few yards from the culvert. All of the test drums were located in 
the second tier of drums in the culvert to simplify the sample line 
connection scheme. 

1"""1 .r r~_. 

'j I '/ 
-5=:J-I ,--

I I 

/ / II ;/ 
j Drum Liner AirS 

Valve 

To Sample Station 

pace 

I 
Containing / TRU Waste 

/ ~Galva 
/ / , 

I , , I 

nized 55-gal Dr~m 

I , 

/ I / ; / / ; / / 

/ I-
I / ; 

FIGURE A-I. DOT I7C Waste Storage Drum 
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TABLE A-l 

Isotopic Abu1ldance alld It .. DeacriptiOD of va.te in Telt Drwte 

Drum Analvsis laotoE;ic Content. II: 

~ NUIIlber 238pu 23Su 239pu Item. 

11" 629 0.08 0.54 2 "loves 
630 0.02 0.13 1 glove, 1 can opener 
631 0.03- 1.32 l-qt, tin can 
632 0.78 0.93 0.37 l-qt tin can 
633 0.35 0.05 2u-di. x 18"-100g pipe 
634 0.08 0.49 0.11 l-qt tin can 
635 O.H 0.04 agitator motor (1/4 HP) 
636 0.05 0.14 1 glove, S8 bolts 
637 0.05 _ 1.31 0.16 l-qt tin can 
638 0.12 0.26 0.13 l-qt tin ean 
639 0.02 0.34 0.10 I-qt tin can 
640 ~ ~ 0.11 l-qt tin can 

Total, e 2.20 6.05 _ 0.98 
Total, e! 37 1.3 x 10- 5 0.06 

120 599 0.01 0.53 2 ,.lovea 
600 0.01 1.44 0.29 1 glove I tin ,an 
601 0.05 10.96 4.00 pl •• tic 
602 0.31 3.61 1.50 tin can 
603 1.72 0.25 2 gloves 
604 0.03 0.36 1 can opener. 1 55 bolt 
60S 0.03 0.36 1 PI' triple be .. aeales 
613 0.09 0.07 2.15 pl •• tic bottle 
614 0.01 7.08 0.05 tin Can. 
615 0.05 0.60 1 beaker. 1 _ponce 
616 2.01 0.87 - 2 ,love., tin can. 
617 0.17 5S tooh, pl.'tic 
618 0.62 0.99 2 gloves 
619 1.52 0.61 2 slove. 
621 0.05 tin can 
623 0.01 1.08 3"-dia x 20"-long 55 pipe 
624 ~ 3u_d i. x 20"-10ng S5 pipe 

Total. I 6.70 25.88 10.92 
Total. ei 112.6 5.S x 10- 5 0.67 

121 641 0.76 0.04 toola and, pl •• tic 
642 0.28 0.07 hot plate 
643 0.04 2 glovea, SS bolt. 
644 0.07 0.19 tin cana and plaatic 
645 0.08 0.71 0.10 tin cana and fla.tic 
646 0.59 0.39 211 _dia x 20"- olll 58 pipe 
647 0.13 21t-dia x 20-'-10ng SS pipe 
648 0.34 2 glove. and pipe 
649 0.33 2 glove. and pipe 
650 0.02 0.07 tin can. and pla.tic 
651 0.06 0.60 2 glove. and pipe 
652 ~ 2 glove. and pipe 

Total, g 2.83 1.42 0.75 
Total t ei 47.5 3 x 10- 6 0.05 

122 654 0.55 2"-dia x 20"-10ng SS pipe 
656 0.49 3 epoage. 
659 2.07 2 "lovch 
660 2.03 2 .ponse. 
661 0.81 tin can. 
662 0.05 1 glove 
663 0.66 2 gloves 
664 O.OS 2 gLovee 
665 1.68 2 gloves 
667 0.04 2"-dia x 20"-10ng pipe 

TotaL, 8 8.43 
Total. ei 141.6 
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APPENDIX B 

EXPERIMENTAL PROCEDUlU!! 

DrUIII Placeml!!nt 

Approximately 100 days after the experimental drums had been 
filled with waste and sealed according to standard procedure, they 
were taken to the burial ground. There they ..ere placed in the 
specially modified culvert and connected via 1/4-inch tubing 
through the culvert port to a remote sampling and testing station. 
The valves on the test drums ..ere opened after the lines and the 
culvert port had been thoroughly tested for leaks. One of the 
thermocouple wires that ..ere sealed into the culvert port .was 
attached to the drum that contained the greatest amount of radio
activity (Drum No. 122), and the other was left suspended in the 
culvert. The culvert lid was then grouted and sealed in place. 
The· burial procedure was completed 208 days after the drums ..ere 
sealed, when the culvert was covered with earth. Figure Irl 'is a 
schematic drawing of the experimental setup. 

Gas Analyses 

Samples of the gas in the TRU waste drums ..ere taken for 
analysis approximately every thirty days, starting 101 days after 
the drums ..ere sealed. Samples ..ere generally drawn in the morn
ing, and the pressure and temperature readings ..ere obtained simul
taneously. The pressure and temperature readings are -recorded, 
along with the results of the gas analyses, in Tables Irl through 
B-5. Observations and measurements began 101 days after the drums 
..ere sealed. 

The samples ..ere taken with, standard 185-mL gas samplers. 
These had stopcocks on either end and a septum-plugged outlet in 
the middle. They were'evacuated in the laboratory and then filled 
by simply connecting one end to the sampl ing valve at the remote 
sampling station, and opening the stopcock on the sampler. Once 
up to pressure, as monitored by' the gauges at the sampling station, 
the stopcock and sampling valve ..ere both closed and the connection 
removed. 

Samples ..ere analyzed by gas chromatography. A Hewlett 
Packard 5750 GC, equipped with thermal conductivity (TC) and flame 
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ionizat ion detectors (FID) was used. Radiogenic gases were sepa
rated on a molecular sieve SA column 6-ft x 1/4-inch OD, and they 
were analyzed with TC detection. Hydrocarbons were analyzed with 
the FID. 

The gases in ambient air were determined as part of the stan
dardization of each gas analysis. The results of 45 ana1yse~ were 
Nz: 79.0'% by volume, 0 = 1,44,%; ~: 20.9'% by volume, 0 = 1.47%. 
Carbon dioxide averaged 0.11'%· overall with a standard deviation 
(0) of 0.9'%. 

Cul .. rt 

Waste -t1=~:f-I Drum. , 

Pr ..... re 
and Gas 
Sample 
Taps 

II Drum Tamp 
TIC I Culvert Temp 

;~~~.,L; : . ..,:::. 

FIGURE 6-1. PhYsical Arrangement of Radiogenic Gas Experiment 
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TAiLE .... 1 

I.oa.ti_ .... ar ... 'Clt. af ~ 10.119. 

Hydro-
c.arbona. 

Date Day "z L CO C"z PO- ~ .,0 T:e** pda ----
6(24 101 24.7 0.03 0 0.07 0 74.1 0 20/22 0.5 
7/1. 1261 0.0 ./. 144 21.0 0 0 370 P'" 78.8 0 39/37 0.0 
./10 179t 2./26 0.2 
10/11 210 14.0 0 •• 0 1.0 21 84.2 0.01 20/15 0.1 

11/. 239 • •• 0.6 0.2 2.1 493 87.1 0.4 11/ll 0.1 
12/8 2'. 11.7 '1.9 0 0.5 ·414 lS.l 0.6 9/5 <0.1 
1/11 302 6.4 0 0 5.3 3.1 88.2 0 4 0.0 
2/. 330 5 •• 1.7 0 6.0 233 85.8 0.' 3 <0.1 
3/1 351 5.1 3.0 0.3 6.8 1.5 84.2 0.6 26/30 0.1 

1/25 1751 22/28 0.1 
4/4 185 4.3 0.6 0.2 7.7 211 86.5 0.7 16/28 0.1 
5/2 .13 1.0 0.3 8.5 700 87.7 0.5 21/13 0.8 
S/ll 442 2.8 0.' 0.1 '.0 548 86.5 0.5 21/22 0.6 
6/28 470 1.8 0.2 0.1 •• 5 728 86.1 0.4 18/42 0.8 

8/. 512 5.0 0.2 0.2 •• 7 5.0 84 •• 0.1 27 0.7 
./19 551 6.0 0.1 0.2 10.5 244 83.0 0.3 27/25 0 •• 
10/10 574 18.4 0 0 I.' •• 79.7 0.4 2l 0.8 
11/8 602 5.6 1.7 0.3 5.2 306 86.9 0.3 25 0.7 
12/12 61. 7.5 0.8 0.2 •• 1 120 83.1 0.2 10 0.1 

1/3 658 5 •• 0.5 0.3 10.4 1746 83.8 0.1 15 0.4 
2/1 687 5.' 0.8 0.1 10.0 .93 83.9 0.1 15 0.2 
$/' 720 4.2 0 0.2 13.3 468 82.0 0.3 14 0.1 

'/' 74. 5.0 0 0 4.0' '1193 90.1 0 .• 25 0.2 
5/1 776 4.7 0 0 11." 1204 83.9 0.1 25 0.2 

5/30 805 8.5 1.4 0.1 6.2 IS 83.5 0.1 1. 0.4 
7/5 841 4.2 3.7 0 ••• 1273 82.0 0.1 28 0.4 
8/3 870 7.8 1.9' 0 8.2 1390 82.0 0.1 12 0.5 
'/5 .01 4 .. 3 4.5' 0 10.0 1088 81.0 0.1 27 0.6 
10/2 • 30 8 .• 1.5 0 8.3 87. 81.4 0.' 35 0.6 

11/6 965ft 4.5 4.4 0 7.1 1045 83.8 0.1 26 0.7 
12/4 ." '.0 1.5 0 11.3 520 79.5 1.7 23 0.7 
118 1028 5.4 3.0' 0 11.1 1550 80.4 0.1 I. 0.7 
2/5 1056 3.5 5." 0 12.2 2584 78.9 0.1 14 0.8 
1/5 1084 1.4 5.1 0 ••• 1395 82.0 0.1 19 0.' 

'/2 1112 2.7 2.7 0 11.7 .5. 82.0 I.' 28 0.8 
5/7 1141tt 2.' 5.8 0 0.8 817 90.4 0.1 28 -0.5 
'/5 1176 3 •• 3.1 0 8.5 127 84.1 0.2 2S 0.' 
7/9 12U) 4.1 2.7 0 1.4 , 384 85.7 0.2 20 0.6 
8/. 1238 3.0 3.0 0 13.H 545 80.1 0.1 27 0 •• 

'" 1268tt 1.. 2.0 0 42.6 205 53.4 0.06 21 0.5 
10/1 1294 3.1 4.0 0 '.4 271 83.4 0.09 2S 0.5 
11/5 1329ft 7.5 3.3 0 20.3 203 68.9 0.03 17 0.6 
12/3 1357 7.5 2.5 0 8.1 394 79.4 0.09 10 0.8 
1/1 1388 7.7 1.6 0 7.5 354 83.2 0.09 12 0.8 

2'4 1420 7.1 3.7 0 '.0 550 80.2 0.07 8 0.8 

'" 1449t 12 0.6 
417 1482 7.6 3.2 0 8.4 363 80.8 0.04 I' 1.0 
'/2 1538 7.0 I.' 0 8.7 18' 82.3 0.03 23 1.4 

• Gaa co.po. i t ion • .. e liven in .ole perceat or in PoirU per .i11ion by volume. 

•• TOlperatllre data were takea fro. Dr .... Ro. 122. the culvert, and outd4e air. Dnom 
temperatuna are lhte4 fiuti outdde air teaperature. are lhted .. cond. Sinsle 
value. are for out.i4e air. 

Net .e. .. ureaent. were .. de of sa. cOllpotition. 

It Hea.urement. for .... eQllPOaition are eoraai4ered anocu lou., and are not iacluded i. 
ga. prodiac.tioQ ealculati.on. (a_ footnote to Table 4). 

Value. u.ed for radiogenic ga. partial pre •• ure caicuh.tioa •. 
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'tABLE 8-2 

RoutiDe "-alU:.-eat. of Dreal 110. 120* 

Hydro-
carbon., 

In .. In, 0, I\z CO ~ '0- "L- NZ'" 
T. 'Ct pail 

6/24 . 101 25.8 0.03 0 0.01 0 74.2 0 20/22 0.1 
7/19 126tt 0.0 
8/. 144 20.5 771 '0- 2. 78.0 0 39/37 0.0 
9/10 179ft 28/26 0.' 
lO/ll Z10 3.' 19.5 •. 5 3.8 ll5 62.6 0.6/8.3 20/lS 0.' 

Z10 2.0 18.8 1.7 4.' 100 60.8 0.&/11.1 20/15 0.4 

1119 ZJ9 1.4 1'1.6 0.75 4·2. 1430 60.6 0.5/15.0 11/13 0.2 
12/8 268 3.6 14.9 0.91 0.73 2190 6'.2 0.64 9/5 0.2 
l/ll 302 10.7 3." 0 0, 1350 84.0 0 4 0.' 
Z/. 3)0 Z.l 30.4' 0.9 5.H 1273 60.4 0.5 3 O.Z 
3/1 351 1.6 31.8 1.0 4.4 '81 60.7 0.5 26/30 0.5 

3/25 375ft 22/28 0.8 
414 385 3.5 24.2 1.1 8.1 1781 67.8 0.' 16/28 l.l 
./2 413 4.1 19.2 1.0 7.3 3110 67.3 0.' 21/23 l.l 
5/31 44. ••• 19.9 1.2 8.6 3190 61.0 0.' 11/22 1.6 
6/28 410 '.0 17 .9 1.1 •• 7 3092 67.8 0.4 38/'2 1.8 

8/. 512 2.3 18.3 1.1 8.8 3620 68.5 0.' 21 1.7 
9/1' 553 3.' 20.5 1.2 8.3 1260 65.7 0.' 27/25 1.7 
10110 574 6.2 17.6 0.8 ••• 1890 68.5 0.3 23 1.5 
11/8 60. 4.' 23.3 I.l 7.' 1178 62.4 0.' 25 1.3 
12/12 '3' 7.3 13.6 1.1 7.1 897 70.0 0.3 10 1.0 

1/3 658 ••• 23.3 1.1 7.5 7125 63.5 0.2 15 1.0 
2/1 687 ••• 22.4 1.3 8.' 34 •• 62.3 0.3 15 0.' 
3/. 120 5.' 15.2 1.3 ••• 1825 68.0 0.2 I. 1.0 ./. 7 •• 2.1 28.5 1.2 '.2 5635 58.8 0.3 25 1.4 
5/1 ". 1.' 31.5 1.1 8.5 6860 56.' 0.1 25 2.0 

5/30 '05 5 .1 13.6 1.2 '.1 3862 70.9 0.1 34 2.2 
7/5 841 2.5 24.9 1.2 '.2 8956 62.2 0.1 28 2.8 
8/3 870 7 .8 12." 0.' 7 •• 3751 71.3 0.1 l2 Z .• 
./5 903 3.5 28.01 1.1 8.' 6853 58 •• 0.1 27 3.0 
10/2 '30" 13.2 3.7 0.' 1.5 4265 80.8 0.07 35 3.1 

1l/6 965'. '.2 0 1.5 ll.' 8666 82.1 0.1 ,. '.0 
12/4 "3 4.3 25.7 1.1 12.S' 100 56.4 0.1 23 2.' 
1/8 1028 3.0 18.4 1.0 20.8' 11410 '6.6 0.' 16 '.7 
2/5 lOS' 2.9 39.3 0.9 11.8 19140 4S.0 0.1 14 •• 6 
3/5 1084 4.6 32.7 1.0 10.7 19780 50.9 O.OS 1. 2.7 

'/7 1112 0.1 36.7 0.5 11.1 6920 SO.9 0.04 28 3.2 

'17 1147 1.3 40.' 0.7 10.0 11970 47.7 0.08 28 - 3.5 
6/5 1176 2.4 46.1 0.' 7.1 3550 43.9 0.02 .. 4.0 
7/. L2l0 3.1 43.2 0.' 6.8 3183 45.9 0.02 20 '.2 
8/6 1238 1.5 48.2 0.5 8.4 7445 41.4 0.03 27 4.5 

./5 1268" 5.6 0.5 10.0 '237 0.03 .. 4.8 
10/1 1294 1.4 53.' 0.5 7.2 2928 37.0 0.02 Z5 4.6 
11/5 1329 5.7 39.6 0.3 5 •• 2407 48.5 0.02 11 '.0 
12/3 1357 3.' 45.' 0.3 6.8 710S 43.6 0.01 10 3 •• 
1/3 1388 '.5 41.7 0.' 7.3 4017 46.1 0.01 12 3.1 

2/4 1420 5.' 3B.4 0.3 11.4 S725 44.6 8 '.7 
'/5 l449ft - 12 3.' 
'17 1482 5.7 46.0 0.3 ••• 3528 48.3 16 ••• 
• /7 l538tt - 2' 5.2 

• Gu co.podtiou are givea ia IIOle ,.rcellt or ill paru per aillion by volume. 

•• The ucond nuabeu tepre.ent ..... ured coacentl'atiOft' of NO . 

tClaPcrature dat.a were tlken fro-. Dl'UIl Mo. 122. the culvert. aDd ouuide air. Dr"" 
teta\'leraturt!!. are li.ted finti out. ide air tetlPerature. are li.ted •• cond. Siftsle 
value. are for out..ide .il'. 

II No- aeaaurementa ¥ere .. de of Sa. cOllpoaition. 

Value. !,Iud for udjo&enic S&l panial ,renun calcuLation •. 

II Ke .. ure.ent. for gal cocapoait ion a'C'e conaidered aftOMOlou •• and are not inc: luded 
in , .. production calculation. (ace footnote to t.ble 4). 
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TABLE 1-3 

R.oatine Kea.u.re.eat. of on.. Ro. 121* 

Hydro-
c.rbon., 

D.te Day 0., ... CO CO, .,. ., .,0**_ T:Ct plig 

6/24 101 25.1 O.Ol 0 0.008 0 74.9 0 ZO/ZZ 0.8 
7/19 126tt 0.8 
8/6 144 20.8 0 0 2,600 .,. Il 78.5 0 39/37 1.0 
9/10 179ft 28/26 1.1 
10/11 210 10.5 0.007 0 ••• 70 79.1 0.008/2 .8 ZO/15 1.0 

11/9 '" 8.l 1.6 0 •. 1 1800 75.0 4.5 1I/1l 1.0 
12/8 '.8 8.' l.' 0 2.16 .. 1200 85.4 0.22 ./5 0.8 
1/11 302tt 4 0.' 
2/8 llO 7.7 2.7 10.4 41l 79.2 1 0.4 
3/1 351 '.0 2.' 0.2 12.6 304 78.2 0.1 Z6/30 0.7 

3/2S 315ft 22/28 0.8 
4/4 385 5.4 2." 0.2 14.0' '4' 78.0 0.1 16/28 1.1 
512 413 3.0 2 .•• 0.' 15.9 , 1006 77.9 0.2 21/23 1.1 
5/31 442 , .. '.2 0.3 16.4 728 78.0 0.2 21122 1.4 
./28 470 '.3 1.0 0.2 16.4 70. 71.9 0.2 38/4' I.' 

8/. 512 4.1 1.5 0.3 11.1 750 76.2 0.2 27 I.. 
9/19 553 5 •• 0.1 0.3 16.0 1.2 17.S 0.3 27/25 1.7 
10/10 07. ••• 0.3 0.2 16.3 444 16.8 0.3 23 1.6 
11/8 '02 5.2 0.2 0.3 18 •• 168 15.8 0.2 25 1.4 
12/12 636" IS.2 0 0 3.7 12 78.0 0.1 10 0.8 

1/3 '58 •• l 0 0.2 IS.3 '2' 74.9 0.2 IS 0.' 
2/1 687 8.3 0.2 0 16.1 355 75.4 0.1 IS O.l 
3/. 120 ·5.2 0.1 0 18.9 182 75.8 0.1 14 0.1 
4/4 7', '.6 0 0 20.4 206 75.0 25 0.4 
5/1 77. l.' 0.2 0 21.5 561 14.6 0.1 25 0 •• 

Sl30 805 10.3 0 20.0 251 69.6 0.1 3. 1.0 
715 841 8.0 1.8 0 16.4 860 73.7 0 28 0.' 
8/3 870 8.1 1.3' 0 16.8' 440 71.3 0.1 32 0.1 
'15 '03 5.0 2." 0 20.51 .2. 71.7 0 27 0.1 
10/2 .30 '.3 0.3 14.6 0 5.8 74.1 0 35 <0.1 

11/6 .. , 20.S 0.2 0 0 0 79.1 0.4 ,. 0.1 
12/4 •• 3 20.9 0 0 0.' 0 78.4 0 2l 0.1 
1/8 1028 ZO.4 0 0 0.1 0 79.5 0 l' <0.1 
2/5 1056 17 .8 2.2 0 l.' llO 76.4 0 14 <0.1 
3/5 1084" 8.7 '.8 0 17.4 6.2 71.1 0.02 \. 0 

4/2 1112" lS.5 0.3 0 0.2 12 81.3 0 28 0 
5/7 1147" 2.' 2.7 0 26.2 714 6S.4 0.07 28 0 
'/5 1176" 2.0 2.' 0 25.3 3 •• 69.8 0.04 25 0 
7/. 1110,. 2.' 2.2 0 25.2 34. 69.8 0.02 20 0.2 
8/. 1238" '.3 0.' 0 27.9 78. 69.8 0 27 0 

'/5 1268 .. 1.7 3.0 0 27.2 381 68.1 0 21 0 
10/1 1294" 3.S 2.1 0 24.6 278 69.7 0 25 0 
11/5 1329 .. 21.5 0.4 0 0.04 0 78.5 0 17 0 
12/3 1357,. 20.0 0.6 0 0.8 43 19.2 0 10 0 
1/3 1388 .. 12.4 2.4 0 11.2 23. 74.1 0 12 0 

2/4 1420 .. '.4 4.1 0 14.0 413 72.5 0 8 0 
3/5 1449t t - 0 12 0 
4/7 1482" 7.7 5.0 0 19.1 334 68.2 0 I. 0 . " 1538" ••• 2.7 0 21.9 343 68.8 0 23 0.4 

* caa cospoaitiona are given in 1II01e percent or in part a per .il Hon by vo lUII.e. 

** The .. eond number repreaenta raeaaured concentration. of HO. 

T_perature data were taken fro. Drum No. 122. the culwrt. aDd outBide .ir. 0" .. 
teaperaturea Ire liated Urat; outaide lit- temperaturea ... Ihted .. cond. Single 
valuea IU for outaide air. 

It No .... urement. vere III&de of ga. c01Ipoaition. 

V.lue. uaed for radiogenic ga. parcial preaaure clh:ul.tion •. 

" Hel.ur_ent. far .a. co..pa.ition are conaidered .naulau •• and are not included in 
g .. production calculation. ('ee footnote to Table 4). 
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tAIL! 1-4 

bache llM,auC' ... a.h of Dr-.- Ro. 112* 

Hydro-

Date "Y "" .~ CO CO, 
carbon., 

.'" L ~2~ T, ·Ct p.is 

6/'1.4 101 25.3 0.03 0.008 74.7 0 20/22 0.5 
1/19 116ft - 1.0 ~ 
8/. 1 .. 2.0.8 0 0 Z.'OO .pm II 78.5 0 39/37 1.0 
9/10 1191't - 28/26 1.1 
10/11 UO 5.1 3.' 2.3 '.5 '5 77.7 1.5/1.5' ,0/15 1.0 

11/9 Z39 l.l '.0 0.' '.2 1250 70.5 1.1/11.8' 11/13 1.1 
12/8 Z.8 '.Z 8.2 0.8 1.1_ 2250 82.3 l.2 9/5 1.1 
1/11 lO. 2.7 12.1 0 8.1 '000 74.6 1.7 4 1.1 
2/8 330 3.' 11.6 0 9.1 1098 74.4 1.3 , 1.. 
'/1 lSI Z •• 14.3 0.' 9.3 824 71.9 I.l 26/30 !.O 

3/25 375ft - 22/'8 2.3 
4/4 l85 •. 1 12.1 0.' 11.1 25' 12.' 1.5 16/28 2.5 
H. 4" '.1 12.2 0.5 11.5 2737 72.4 I.l 21/2l 2.8 
5/31 "2 1.9 13.4 0.' 4.7 2276 78.0 1.4 21/22 3.2 
./.8 470" l.1 1.2 0.5 20.9 1181 67.2 1.1 38/4' I.. 

8/9 512 8.5 4.1 0.3 8.1 1570 17.5 0.8 21 l.8 
9/19 S5l 11.6 2.9 O.l 1.0 4" 11.' 0.7 27/25 l.9 
10/10 574 18.7 0 0 2.11 240 7 •• 9 0.2 2l 3.8 
11/8 '02 13.0 l.9 0.' 9.8' 4" ".8 0.2 Z5 4.0 
12/12 '3' 16.0 l.n 0.1 3." IS' 78.1 0.3 10 '.7 

1/3 658 '.8 12.H 0.5 13.11 4". 68,9 1.1 IS , .. 
2/1 '81 2.5 14.2 0.5 14.6 1866 67.2 1.0 IS '.5 

'" 120 2.5 8.9 0.' 14.8 1011 72.4 0.9 14 , .. ./. ,.9 2.' 16.0 0.' 14.1 0 ... 66.' 0.8 Z5 4.0 
5/1 17. 2.2 11.2 0.4 14.7 3980 64.9 0.7 ZS '.5 

5130 80s 13.2 0.6' 0.1 8.' 102 11 •• 0.4 34 '.9 
1/5 841 7.1 10.8' .0 11.0 3368 70.6 0.' 28 5.4 

." 810 1.' ••• 0 11.7 1829 13.7 0.5 " 5.5 
9/5 90l l.' 1S.2 0 1'.8 65.8 0.' ., 5.' 
10/2 930 2.5 17.9 0.' 14.8 4470 63.9 0 •• l5 5.' 

11/6 96' 2.1 17.3 0 IS.1 3870 64.3 0 •• 2. 5.2 
12/4 993" 4.4 U.S 0.' 2l.0 4379 62.1 0.' " '.1 
1/8 1028., 4.5 27.4 0.1 35.2 9133 31.1 1.1 16 '.8 
2/5 1056 2.1 20.6 0.2 21.6 9015 34.9 0 •• 1. 4.1 
ll5 1084 2.9 17.1 0.5 19.3 4584 59.1 0.5 19 '.8 

4/. 1112 I.' 23.0 0 22.6 3297 52.9 0.3. '8 5.2 
5/7 1147 I •• 15.5 0 16.8 4099 ".6 0.3 ,. '.4 
./5 1176 1.4 29.6 0 15.1 1337 53.' 0.2 25 5.' 
1/9 1110 1.1 31.8 0.1 13.6 1787 5%.5 0.3 20 5.5 
8/. 12]8 1.8 25.7 0.2 17,0 3536 55.0 0.3 27 5.8 

9/5 1268 '.1 16.1 0 16.] 1713 55.2 0.3 21 '.2 
10/1 1194 1.4 31.4 0 15.7 1416 51.1 0.4 Z5 5.8 
11/5 1329 '.0 27.2 0 12.8 1105 54.8 0.2 11 5.0 
12/3 1351 4.1 17 .] 0 15.3 3250 62.4 0.3 10 4.1 
1/3 "88 4.' 25.9 0 14.7 1957 54.' 0.2 12 4.0 

2/4 1420 5.2 26.5 0 12.2 3107 55.0 0.2 8 '.0 
3/5 14491' f - 12 4.' 
./7 1482 5.' 26.5 0 14.2 2115 54.0 0.2 16 4.4 
6/2 1538 '.0 11. 7 0 16.9 1335 62.5 0.2 23 5.0 

• c., coaapodtion. are given in 1II01e percent or in parta per .i1Uon by volUlie . 

•• The aecood mabera repreaent a.eaaured concentrationa of 110. 

Telll-perature data vere taken fro. Drl,lll. Mo. 122, the culvert, and outside air. Dr.a 
t_peraturea are Ibted fiut; outaide air teaperaturea are Hated ae<:ond. Sins Ie 
vdue, are for outaide ah·. 

" No .e •• ure.ent. were .. de of ga. eo.poaitioD. 

Valuea uaed fo~ c-.diosenLe sa. partial pre .. ure calculation •• 

" Kea.ureMnt. for ".i com-po.itton eonaidered a"a-alou., and are not iaeluded in S .. 
produetion caleulation. (a~ footnote to Table 4). 
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TABLE &-5 

Culnrt AbIolpbere IMt" 

Hydro-
carbons. 

Date Day O2'' ft2 CO CO2** ..... ·2" .20 T. ·Cf pdg 

6/24 101 1'.1/18.' 0.04 0 0.009 80.9/76',4 . 0 20/22 0.2 
1/19 126ft - O.n..-
8/6 144 20.5/21.2 0 0 414 P ... · 77 .5/78.8 0 39/37 0.0 
9/10 179ft - 26/26 0.0 
10/11 210 19.7/20.7 0 0 0 6.5 80.3/79.3 0 20/15 0.1 

11/9 239 18.7/20.6 0 0 0 20 81.3/78.6 0 11/13 <0.1 
12/8 268 24.5/25.5 0 0 <0.1 6 75.5/74.5 0 9/5 0.1 
1/11 302 18.3/20.9 0 0 0 0 81. 7/79.1 0 4 <0.1 
2/8 330 19.0/20.5 0 0 0 0 81.0/79.5 0 3 0.1 
3/1 351 19.1/21.7 2500 PID 0 .03 14 80.8/78.3 0.1 26/30 0.1 

3/25 375" - 20/28 0.1 
4/4 385 19.8/21.3 0 0 0 22 80.1/78.7 0.1 14/28 0.1 
5/2 413 18.2/21.3 0 0 0 55 81.5/71.7 0.3 20/U 0.1 
5/31 442 17.2/21.0 0 0 0.03/.03 35 82.7/7 •• 0 0.1 21/22 <0.1 
6/28 470 15 •• /21.6 0 0 0 • .02/0.1 51 84/78.3 0 •. 0' 38/42 0.1 

8/. 512 14.7/2/.1 0 0 0 60 85.2/78.8 0.1 27 <0.1 
4/1. 553 12 •. 8/21.4 0 0 0.1/0.1 2. 87.0/78.6 0.1 27/25 <0 .• 1 
10/10 574 14.7/21.4 0 0 0 31 85.2/78.5 '0.1 23 <0.1 
11/8 602 13.0/20.6 0 0 0.1/0.2 20 86.8/7 •• 2 0.2 25 0.1 
12/12 636 15.4/20.5 a- 0 0.210.1 8 84.3/7' .4 0.1 10 0.1 

1/3 658 .16.2/20.4 0 0 0.1/0.1 77 83.7/79.5 0 15 0 
2/1 687 16.9/20.3 0 0 0/0.1 ,44 82.7/79.5 0.3 15 0.1 
3/6 720 17.7/20.4 0 0 0.1/0.1 9 82.1/79.5 0.2 14 ' 0.1 
4/4 74. 18.0/20,3 0 0 0.4/0.4 35 81.5/79.3 0.1 25 0.1 
5/1 776 18.0/20.3 0 0 0.1/0.1 50 81.7/79.5 0.1 25 <0.1 

5/30 80S 19.4/20.3 0 0 0.1/0.1 0 80.4/79.6 0.1 34 <0.1 
7/5 841 17 .2/20.5 0 0 0.110.3 173 82.5/79.3 0.1 28 <0.1 
8/3 870 18.3/20.5 0 0 0.05/0.0' 29 81.5/7 •• 5 0.1 32 <0.1 
9/5 903 14.7/20.7 0 0 0.1/0.1 0 85.1/7 •• 2 0.1 27 <0.1 
10/2 930 17.0/20.7 0 0 1).29/0.04 45 82.6/79.2 0.1 35 <0.1 

11/6 965 14.4/20.4 0 0 0.210.2 120 85.3/79.3 0.1 26 <0.1 
12/4 9'3 15.6/21.0 0.3 0 0.1/0.3 138 84.3/78.7 0 23 <0.1 
1/8 1028 15.7/20.7 0.3 0 0.1/0.2 135 84.0/79.0 0.2 16 <0.1 
2/5 1056 17.5/20.8 0.66 0 0.3/0.3 175 82.1/79.0 0.1 14 <0.1 
3/5 1084 17.9/20.4 0.52 0 0.07/0.0' .8 81.8/7 •• 5 0.2 19 0 

4/2 1112 11.6/14.7 0.50 0 0.01/0.03 47 88.3/85.2 0.0. 28 0 
5/7 1141 10.7/13.0 0.51 0 0.06/0.06 91 8 •• 0/86 •• 0.2 28 0 
6/5 1176 13.2113.3 0.27 0 0.2/0.1 29 86.6/86.6 0 25 0 
7/9 1210 11.3/14.0 0.09 0 0.05/0.06 43 88.5/86.0 0.2 20 0.2 
8/6 1238 11.2/1 •• 5 0 0 0.05/0.2 40 88.7/80.3 0.1 27 0 

4/5 1268 11.1/14.3 0.17 0 0.2/0.1 42 88.7/85.6 0 21 0 
10/1 1294 14.0/15.7 0.12 0 0.09/0 12 85.8/84.3 0.07 25 0 
11/5 132q_ 11.3/13.' 1.3 0 0.03/0.04 24 87.3/86.1 0.0' 17 0 
12/3 1357 1l.1/13.' 0.26 0 0.05/0.07 SO 88.7/86.0 0.1 10 0 
113 1388 11.6/15.0 0.34 0 0/0.16 34 88.3/84.8 0.14 12 0 

2/4 1420 12.7/14.7 0.40 0 0.2/0.1 53 87.0/85.2 0.1 8 0 
3/5 l449tf - 0 12 0 
4/7 1482 10.1/12.3 0.54 0 0.07/0 22 89.7/87.7 0.08 16 0 
6/2 1538 11.6/15.0 No dati 0 0.06/0.09 17 88.2/84.9 0.08 23 0 

• Ca. compo.ition. are given in .ole percent or in partl per _illion by volume. 

•• Mealured value_in culvert/ .. bient air • 

Teaperature data Yere taken fro. DrUB 122. the culvert, and out,ide.air. Dr ... 
temperature. lilted firlt; outlide air temperature I are liated lecond. Sinale 
value. are for out.ide air. 

t! No measurementa were eade of gas C0Gl1)O' i don. 
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APPENDIX C 

SAMPLING AND TRANSFER LINES 

The volume of gas in the transfer lines from t~e experimental 
drums to the s8!llpling station was estimated to be about 500 mL. 
Ho..ever, the tra'nsfer lines ~re airtight, so the gas in them is 
approximately at equilibrium with the gas contained in the drums 
themselves. 

An experiment was performed to determine the homogeneity of 
the gas mixture in the drum and trans fer line system. The two 
drums that had accumulated the most pressure, Drums No. 120 and 
122, ..ere sampled as usual. The transfer lines ..ere then flushed 
by venting two or more liters of gas through each line from the 
corresponding drum. 

The sampling process was then repeated. Drum No. 120 was 
simply flushed once with a 7.5-liter volume of vented gas, wile 
Drum No. 122 was flushed three times with approximately 2-liter 
volumes. Samples were taken each time. The resul ts of this 
,experiment are reported in Table C-I. 

TABLE C-I 

The Effect of Sample Volume on Gas Composition He.surements 

Drum Total Volume Measurements, mole % 
Number of Vented Gas, L O2 N2 Co 2 H2 CO' NO 

120 0 7.8* 50.8 13.9 27.1 0.5 

120 7.5 8.0 53.7 6.5 31.2 0.1 

122 0 6.6 64.8 21.8 6.4 0.5 

122 2 5.9 63.0 20.0 10.7 0.3 

122 4 4.9 51.6 16.3 26.9 0.3 

122 6 4.8 52.0 16.8 25.4 0.5 

* M:lle % of gas sample component. 
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The data indicate that samples taken directly from the 
transfer lines do not correspond exactly to the overall composition 
of the gas contained in the drlDDs. The composition of the gas in 
the trans fer lines is representative of the gas at the sampling 
port of the drums, which is very close to the drlDD lid. Of course, 
one WDuld expect hydrogen to be less concentrated near the drlDD lid 
than inside the individual sample c9ntainment bags and drlDD liner~ 

A gradual but pronounced change ,,",s observed in the composi
t ion of the gas as it was released from Drum No. 122. It became 
less concentrated·in oxygen and-nitrogen, and the hydrogen concen
tration was significantly higher. Therefore, the plastic waste 
containment bags must have contained hydrogen at relatively high 
concentrations. Then, when the loss of gas through the transfer 
1 ines caused the pressure to drop, hydrogen-r ich radiogenic gas 
escaped from the drlDD liner to mix with the rest of the gas in the 
drum and in the transfer lines. 

Measurements of the samples obtained after the transfer lines 
were flushed are well within the range of all values acquired with
out flushing (see Tables 4, 11-2, and 11-4). The advantage of not 
flushing the transfer lines loBS that unnecessary pressure drops 
were avoided, so the system was disturbed less and pressure 

'measurements would have more validity. Also, the gas samples ~hat 
were taken directly from transfer lines most closely represented 
the composition of the atmosphere inside, near the lid of the 
drlDDs. This is nnportant in terms of flammability considerations. 
Therefore, it was concluded that the sampling procedure without 
gas venting best served the purpose of the expernnent. 
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APPENDIX D 

GAS VOLUME IN DRUMS 

The volume of free space in the drums must be known so that 
gas production-rates and potential pressure accumulations can be 
calculated. The free volume in Drums No.· 120 and 122 were 
determined using the pressure drop caused by venting a measured 
volume of gas from the d1'U1ll. The vented gas was measured over 
water, and the change in. gas pressure was read from the gauge at 
the sampling station. This experiment was part of the transfer 
line experiment, which was performed after the other. data in this 
report were taken, so pressure and composition data were not 
affected in any way. The following equation is derived from the 
ideal gas law: 

v s V c 

where Pc 

p. 
1 

Pf 

Tc 

Ti 

V 

Vc 

= 

= 

= 

= 

= 

= 

Atmospheric pressure, less the partial pressure 
of water at Tc ' 

Initial pressure inside the drum 

Final pressure inside the drum 

Temperature of collection 

Temperature inside the drum (OK) 

Internal gas volume 

Collected gas volume. 

The total volume of the drums was known to be about 218 
liters. Two trials resulted in estimates of 181 and 159 liters for 
the total atmospheric volume in Drum No. 120. The average of these 
t"" values, 170 liters, was used in subsequent calculations. The 
gas volume in Drum No. 122 was estimated at 145 liters, based on a 
single trial. The precision of the pressure measurements limit 
accuracy, probably to ±10% in the total gas volume estimate. These 
resu1 ts show that only about 30% (22% in Drum No. 120 and 34% in 
Drum No. 122) of the total volume of the drums is actually filled 
with solid waste. 
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