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Radcalc for Windows' is a Microsoft2 Windows compatible software that can be 
used to estimate the radiolytic generation of hydrogen gas in radioactive 
wastes. 
up of hydrogen gas in transportation packages. 

It is a user-friendly menu-driven software that estimates the build- 

INTRODUCTION 

High level and low level radioactive wastes are subjected to ionizing 
radiation that may lead to the radiolytic formation o f  a variety of gases. 
Carbon dioxide, carbon monoxide, hydrogen, oxygen, and methane are among the 
species created from the radiolysis of different types of radioactive wastes. 
To ensure the safe storage and transportation of radioactive waste materials, 
an analysis of the quantity and types o f  the gases, particularly flammable 
gases, that may be generated is necessary. 

The generation of hydrogen in particular has been much studied. A 
calculational technique for quantifying the concentration of hydrogen 
generated by radiolysis in sealed radioactive waste containers was developed 
in a U.S. Department of Energy (DOE) study conducted by EG&G Idaho, Inc., and 
the Electric Power Research Institute (EPRI) TMI-2 Technology Transfer Office. 
The study resulted in report GEND-041, entitled "A Calculational Technique to 
Predict Combustible Gas Generation in Sealed Radioactive Waste Containers" 
(Flaherty, et al. 1986). The study also resulted in a presentation to the 
U.S. Nuclear Regulatory Commission (NRC) which gained acceptance of the 
methodology for use in ensuring compliance with NRC IE Information Notice No. 
84-72 (NRC 1984) concerning the generation of hydrogen within packages. 

NRC IE Information Notice No. 84-72: "Clarification of Conditions for Waste 
Shipments Subject to Hydrogen Gas Generation" applies to any package 

'Windows i s a trademark of Mi crosoft Corporati on. 

2Microsoft is a trademark of Microsoft Corporation. 



containing water and/or organic substances that could radiolytically generate 
combustible gases. The NRC requires that over a period of twice the expected 
shipment time: 

e 

the hydrogen gas concentration is less than 5% by volume (or 
equivalent limits for other inflammable gases) of the secondary 
container gas void 

the secondary container and cask cavity must be inerted to ensure 
that oxygen is limited to 5% by volume in those portions of the 
package that could have hydrogen greater than 5%. 

If the material being shipped is low specific activity and if it is shipped 
within 10 days after venting, the above requirements do not apply. 
No. 84-72 is pertinent to shipments of resins, binders, waste sludge, and wet 
-filters. 
representative package. However, in April of 1985, the NRC accepted the 
calculational method presented in report GEND-041 to confirm the absence of 
hydrogen in low level waste (LLW) packages (Deltete 1987). 

Notice 

The notice requires compliance by tests or measurements of a 

Subsequently, EPRI developed a simple computer program in a spreadsheet format 
uti1 izing GEND-041 calculational methodology to predict hydrogen gas 
concentrations. The computer code was extensively benchmarked against TMI-2 
(Three Mile Island) EPICOR I1 resin bed measurements. The benchmarking showed 
that the model developed predicted hydrogen gas concentrations within 20% of 
the measured concentrations. Radcalc for Windows was developed using the same 
calculational methodology. The code is written in Microsoft Visual C++ 2.0 
and includes a Microsoft Windows compatible menu-driven front end. 
addition to hydrogen gas concentration calculations, Radcalc for Windows also 
provides transportation and packaging information such as pressure buildup, 
total activity, decay heat, fissile activity, TRU activity, and transportation 
classifications. 

In 

RADCALC METHODOLOGY 

Hydrogen generation occurs in radioactive waste materials through two main 
mechanisms. One of these mechanisms is the release of hydrogen from the 
oxidation of metals immersed in water and is not at issue in this report. The 
second mechanism resulting in the release o f  hydrogen is radiolysis. 

Radioactive decay of a nucleus can produce ionizing radiation which will 
interact with and may cause reactions in a large quantity of molecules within 
an absorbing material. 
result of these interactions is referred to as radiolysis. 
occurring in the majority o f  radioactive waste materials is due to 
interactions initiated by alpha particles, beta particles, and photons (gamma 
rays and x-rays). 
and molecules within the trajectory of the particle or photon will absorb 
energy and be ionized or left in an excited state. 
radiation creates a track of excited ions and molecules. 
in turn, create secondary tracks or spurs branching off from the primary 
track. 
radiation will depend upon the energy and type o f  radiation and the chemical 

The chemical change which occurs in materials as a 
Radiolysis 

As ionizing radiation travels through a medium, the atoms 

The initiating interacting 
Freed electrons can, 

The length of the tracks and the distance traveled by the ionizing 



and physical properties of the medium. The species resulting from the 
interactions will depend upon the chemical structure of the absorbing medium 
and will for the most part be the same for different types of ionizing 
radiation. The quantity of the species formed will depend upon the amount o f  
radiation energy absorbed within the material, the proximity o f  the different 
species formed which will affect the chances of species recombination, and in 
some part the chemical nature o f  the different components. 

A chemical response initiated by ionizing radiation can cause a large number 
of intermediary reactions. For instance, in the radiolysis of water, Spinks 
(Spinks and Woods 1990) identifies 16 additional major reactions which follow 
as a result of the initial reactions caused by ionizing radiation. The 
formation of i ntermedi ary species and excited mol ecul es can 1 ead to the 
production of free radicals and in some cases to the formation of a flammable 
gas such as hydrogen. 

The types of speci es produced radi ol yt i call y depend upon the chemi cal 
structure o f  the material through which the radiation is traveling. The major 
reactions in the radiolysis of water are: 

.. 

The addition of substances such as nitrates to the water will change the 
chemical components produced and the quantities of these components. Some of 
the gases identified from the radiolysis of cation exchange resins are: H,, 
CO,, CO, SO,, O,, and CH , and from the radiolysis of anion exchange resins: 
H,, CO,, CO, N,, N,O, and NO. 

In order to relate the quantity of a species produced radiolytically to the 
amount of energy absorbed, a term arbitrarily called the G va7ue was defined 
(Burton 1952). 
molecules formed or disassociated per 100 eV energy absorbed. G values are 
species and material specific; that is, G(H ) refers to the G value for the 
production o f  hydrogen gas and will differ ?or different absorbing media. 
G values are also radiation specific and depend upon the linear energy 
transfer (LET) of the radiation type. For instance, alpha particles have a 
much higher LET than beta particles and the G value will be correspondingly 
greater. 

The G value of a material is defined as the number of 

Using the G value concept, the production of hydrogen can be calculated by 
multiplying the total decay heat or energy produced over a specified period of 
time o f  radiation type j for radionuclide i by the fraction of decay heat or 

value for the jth radiation type. 
types and radionuclides in the material and multiplying by the mass of the 
medium and a conversion factor will result in the quantity of hydrogen 
produced. 

energy absorbed in the medium for that radiation type by the medium specific G - 

Summing this product for all radiation 

This equation can be written as: 
H, = (E Eij x Fj x G x M x  C 4 

where 
H, = hydrogen generated (cm3) 



E = the total  ionizing radiation energy produced over a specified 
period of  time for  radiation type j of radionuclide i within the 
absorbing medi um expressed as absorbed dose (rad) 

F = the  fraction of energy of radiation type j absorbed by the target  
(uni t less)  

G = the number of molecules formed or disassociated per 100 eV 
absorbed energy (molecules/100 eV) i n  the absorbing medium for  
radiation type j 

M = 

C = conversion factor (eV cm3 /rad gram molecule) 

mass of the absorbing medium (9) 

“This methodology is used i n  the Radcalc Ctt program t o  calculate the 
concentration of hydrogen w i t h i n  packages which have been sealed for  a 
spec i f ic  length of time. The program contains information for  approximately 
290 radionuclides and fourteen waste container types and provides a database 
of G values. Radcalc for  Windows assumes 100% of the alpha and beta par t ic le  
energy i s  absorbed. Absorption fractions for  gamma energies have been 
calculated using the Monte Carlo N-Particle computer code (MCNP) (Briesmeister 
1993) and are a function of material, energy, density, and geometry. 

RADCALC ISOTOPE LIBRARY 

Radcalc for  Windows uses decay and energy information from the Evaluated 
Nuclear Data File,  ENDF/B cross section data ( B N L  1991). 
contains reference data  sets for  radionuclides and i s  maintained by the 
National Nuclear Data Center a t  Brookhaven National Laboratory (BNL) under 
contract t o  the DOE. 
Cross Section Evaluation Working Group, a cooperative e f fo r t  of many national 
laboratories coordinated by the National Nuclear Data Center. ENDF/B data i s  
considered t o  be the most re1 i ab1 e current nuclear data avai 1 ab1 e. 

The ENDF/B data f i l e  

Information is  updated by the recommendation o f  the 

Access t o  the ENDF/B data is performed by writing a computer code t o  extract  
the necessary information. A fortran program was written, using the 
information supplied by the National Nuclear Data Center, t o  read the ENDF/B 
data f i l e  and p r i n t  ou t  the desired information. 
for  Windows contains the atomic number, the atomic mass, the half l i f e  i n  
seconds, the average beta, alpha, and x-ray energies i n  eV and the most 

The database used i n  Radcalc 

important gamma rays and the percentage of abundance for  each isotope. - 

GAMMA ABSORPTION FRACTIONS 

The original spreadsheet calculated time dependent hydrogen generation in 
radioactive waste shipping containers. 
four container types t o  calculate the absorbed gamma dose i n  the waste 
material. The four container types are: a 55 gallon drum, 4x4 l i ne r ,  5x5 
l i n e r ,  and 6x6 liner. The absorbed gamma dose i s  a function of energy, waste 
density, material type, and geometry. 
each o f  these containers for  densit ies ranging from 0.6 t o  2.0 g/cc and 

The spreadsheet used f i t t e d  curves for  

The spreadsheet used curve f i t s  for  



energies ranging from 0.4 to 2.0 MeV. The material inside the container was 
assumed to be water. The data for these fits were generated using the QAD-FN 
computer code. These same four curve fits have been recalculated using MCNP. 
MCNP is a Monte Carlo computer code that is used to solve particle and photon 
transport problems. Along with the four original containers included in the 
spreadsheet, ten additional containers have been added. The new containers 
are among those used in the DOE complex for the transportation of radioactive 
waste materials. Furthermore, the curve fits have been extended to include 
energies up t o  5.0 MeV, and densities up to 3.0 g/cc. To accomplish the 
extension in the range of energies, a curve fit was found for energies between 
0.4 and 2.0 MeV and another fit for energies between 2.0 and 5.0 MeV for each 
container. 

CALCULATION OF ABSORBED GAMMA DOSE 

The spreadsheet (Flaherty et a1 . 1986), computes the volume o f  the hydrogen 
generated as a function of time (H(t)) with the following equation: 

.. 

H(t) =D(t) x G x M x C  (3- 1) 

where 

D is the time dependent sum of energy emitted (E) for radionuclide i and 
radiation type j times F which is the density and energy dependent fraction 
absorbed of radiation type j for all decay mechanisms up t o  time t. M is the 
waste mass, and G is the G-factor. The G-factor is defined as the molecules 
of hydrogen generated per 100 eV energy absorbed. C is a conversion factor 
based on the units of the equations. 

The spreadsheet calculates the fraction of gamma energy absorbed in the waste 
material which is assumed to be water as a function o f  energy, density, and 
geometry. An independent fit is used for each individual container geometry. 
Each of these fits is a function of density and energy. 

The fit is of the form: 

Where F(p,e) is the fraction of energy absorbed, p is density in g/cc, and e 
is the emitted energy in MeV. 

The spreadsheet has fits of this form for four geometries: the 55 gallon drum, 
4x4 liner, 5x5 liner, and 6x6 liner. Each fit is valid for densities ranging 
from 0.6 to 2.0 g/cc and 0.4 to 2.0 MeV. The data for the fits were created 
using a point-kernel code called QAD-FN. The fits are least-squares fits of 
the data for each container geometry. The material inside the containers for 
the QAD-FN runs was assumed to be water. 



The Radcalc fo r  Windows f i t s  use a volumetric source of unity source strength 
( 1  Bq/s) for each container. 
from 0.4 t o  5.0 MeV and densit ies ranging from 0.6 t o  3 .0  g/cc. A Unix 
version o f  Mathematica (Wolfram Research, Inc. 1993) was used t o  perform 
least-squares f i t s  from the MCNP data generated. 

MCNP runs were generated for  energies varying 

GEOMETRY 

The original geometries were reproduced w i t h  the same dimensions (Flaherty e t  
a1 . 1986), and i n  the case of the 55 gallon drum w i t h  more exact dimensions 
fo r  drums used i n  the DOE complex. 
dimensions reported i n  t h e i r  respective Safety Analysis Report for Packaging 
(SARP). The model for  each container has i t s  in te r ior  volume completely 
f i l l e d  w i t h  water, representing an upper bound in the calculation of the 

--absorption fraction. Both  English and metric units are given for each 
container’s dimensions. The f i r s t  number given represents the original units 
used f o r  the container i n  the document referenced for dimensions. The 
in t e r io r  and exter ior  dimensions of each container model as well as the 
internal volume for  each container model are shown in Table 1. 

The ten new geometries are based on 

G VALUES FOR NET HYDROGEN PRODUCTION 

To quantify the production of a species from the radiolysis of a material, a 
term was defined which re la tes  the absorption of energy t o  the species of 
in te res t .  This term i s  referred t o  as the G va7ue (Burton 1952). G values 
were or iginal ly  defined i n  units of  molecules formed o r  disassociated per 100 
eV of energy absorbed. W i t h  the advent of SI (Systeme International d’Unit6s) 
units G values have been redefined as moles of material produced or changed 
per Joule (J)  of absorbed energy. 
pmoles per J. However, the majority of the l i t e r a tu re  on G values has been 
written i n  terms of molecules per 100 eV; therefore, the Radcalc for  Windows 
database uses molecules per 100 eV. 

G values are dependent upon a number of different  factors. G values are 
specif ic  t o  the species being produced, e.g., G(H,) re fers  t o  the G value for  
the production of hydrogen gas. G values are also material specific.  That 
i s ,  they are  dependent upon the physical-chemical properties of the material 
i n  which the radiation i s  deposited. Chemical composition, material density, 
temperature, and ambient pressure and atmosphere a l l  affect  the G value of a 
specif ic  specie. G values are also dependent upon the type and 
character is t ics  of the in i t i a t ing  radiation. The energy and intensity of 
gamma radiation and the l inear  energy t ransfer  (LET)  o f  charged par t ic les  will 
a f fec t  G values. The LET refers  t o  the average energy imparted w i t h i n  a 
limited volume of absorbing medium by a charged par t ic le  traversing a 
specified distance. Heavier par t ic les  such as alpha par t ic les  have higher LET 
values which resu l t  in a higher d i s rup t ion  i n  the absorbing material and 
higher G values. 
also affect  the G value. 

One molecule per 100 eV equals 0.1036 

- 

The amount of absorbed dose i n  the absorbing medium will 

BJ f a r  the greatest  quantity of research for  G values has been performed using ‘ Co sources. The majority of the database values are based on empirical data 
using 6oCo sources and t h u s  are applicable t o  gamma rays. In most cases, 



Table 1. Dimensions of Modeled Shipping Containers. 
Container Geometry Inside Modeled Dimensions Outside Uodeled Internal Volune 

55 Gallon D r u n  Cylinder 22.5 in. x 33.25 in. 22.6 in. x 33.41 in. 7.65 f t 3  

(Diameter x Height) D i m i o n s  

(57.2 cm x 84.46 cm) 

(47.24 in. x 47.24 in.) 

(57.40 cm x 84.86 cm) (2.17E5 cc) 

(1.36E6 cc) 
4x4 Liner Cylinder 120 cm x 120 cm NA 47.9 f t 3  

I 
, 

5x5 Liner Cylinder 140 cm x 140 cm NA 76.1 f t 3  

6x6 Liner Cylinder 180 cm x 180 an NA 162 f t 3  

30 Gallon D r u n  Cylinder 18 in. x 28 in. 18.1 in. x 28.1 in. 4.12 ft3 

85 Gallon Drum Cylinder 26 in. x 37.9 in. 26.13 in. x 38.03 in. 11.6 f t 3  

Doorstop Cylinder 4.5 in. x 5.625 in. 6.38 in. x 11.38 in. 0.0518 ft3 
Sample Carrier (11.43 cm x 14.29 cm) (76.21 cm x 28.91 cm) (1470 cc) 

Ion  Exchange Cylinder 17.5 in. x 69 in. 18 in. x 69.5 in. 9.60 f t 3  
C o l m  (44.45 cm x 175.3 cm) (45.72 cm x 176.5 cm) (2.72E5 cc) 

(55.12 in. x 126.0 in.) (133.1 in. x 203.9 in.) (4.93E6 cc) 

NCAU Cylinder 3.375 in. x 40.2 in. 3.75 in. x 48.88 i n  0.208 f t 3  
(8.573 cm x 102.1 cm) (9.53 cm x 124.2 cm) (5890 cc) 

Transfer Cask (6.033 cm x 108.59 cm) (13.98 cm x 116.51 cm) (3104 cc) 

PAS-I Cylinder 18 in. x 21.88 in. 32.5 in. x 40 in. 3.22 f t 3  

Sample Pig Cylinder 2.06 in. x 4.875 in. 6.71 in. x 9.275 in. 9.40E-3 f t 3  
Carrier (5.23 cm x 12.38 cm) (17.04 cm x 23.56 cm) (22.2 CC) 

Single Pass Box 35.25 in. x 37.50 in. x 57 in. x 59.25 in. x 69 35.7 f t 3  
Fuel Cask 46.625 in. in. (1.01E6 cc) 

(89.54 cm x 95.25 cm x 
118.4 cm) 175.3 cm) 

(55.12 in. x 55.12 in.) (2.16E6 cc) 

(70.87 in. x 70.87 in.) (4.58E6 cc) 

(1.17E5 cc) 

(3.30E5 cc) 

(45.72 cm x 71.12 cm) 

(66.04 cm x 96.27 cm) 

(45.97 cm x 71.37 cm) 

(66.37 cm x 96.60 cm) 

LR-56 Cylinder 140 cm x 320 cm 338 cm x 518 cm 174 f t 3  

Onsite Cylinder 2.375 in. x 42.75 in. 5.505 in. x 45.87 in. 0.110 f t 3  

(45.72 cm x 55.58 cm) (82.55 cm x 101.6 cm) (91300 cc) 

(144.8 cm x 150.5 cm x 

however, the G values for gamma radiation can also be used for beta radiation, 
as the LET values for most beta emitters are very low. Radcalc for Windows 
uses the radiation specific G(H?) value when it is available. When no 
radiation specific value is available for alpha decay it automatically 
increases the G value to account for alpha absorbed dose. 

COMPILED G ( H2) VALUES 

Radioactive waste may contain a wide variety o f  materials. 
can range from absorbents like Kimwipes, to waste tank solutions and slurries, 
to contaminated pump oils. 
for which G values have been identified for use in Radcalc for Windows. 

These materials 

Table 2 is a list of the general material types 



T le 2. Materials Types for Listed 6(H,) Valuc 

Water (vapor and liquid) 
Temperature Dependence 

Ion Exchange Resins 

Cation Resin 
Anion Resin 
Mixed Resin 

s. 

Inorganic Resin 
High Level Waste Solutions 

Hanford Tank Waste 
Waste solution/water as a function of 
nitrate concentration (Mahlman values) 
Wal ker and Bi bl er equation 

Grout 
Solidification Binders 
Cement mixed with TRU incinerator ash 
Commercial Lubricants 
Pol m e r s  

Cell ul ose 
G1 oves 

~ ~~ ~ ~ ~ 

Saturated Hydrocarbons (vapor and liquid) 
Unsaturated Hydrocarbons (vapor and liquid) 
Aromatic Hydrocarbons (vapor and liquid) 
Haloaenated Hvdrocarbons 
Alcohols (vapor and liquid) 
Ethers fvaoor and liauid) 

A1 dehydes and Ketones 

Carboxylic Acids 

Esters 
Phosphate Esters 
Orqanic Nitroaen ComDounds 



The open l i t e r a t u r e  was searched extensively for G(H,) values f o r  the 
materials in Table 2. 
type and gives the s c i e n t i f i c  name, common name, and use of materials. 

The G(H,) value database l i s t s  G values by radiation 

TRANSPORTATION CALCULATIONS 

The isotope database in Radcalc fo r  Windows includes A 1  and A2 values from 
T i t l e  49 Part  173.435 of the Code of Federal Regulations (49 CFR 173). A 1  and 
A 2  values f o r  isotopes not l i s t e d  i n  Part 173.435 have been calculated using 
49 CFR 173 methodology. Radcalc fo r  Windows c l a s s i f i e s  shipments as Type A o r  
Type B. 
l imited quantity or highway route controlled. Additionally, the quantity of 
f i s s i l e  material present i s  tabulated. 

I t  also ident i f ies  wastes which qualify as low specific act ivi ty ,  

-CONCLUSION 

Radcalc f o r  Windows i s  a computer code used t o  calculate the generation of 
hydrogen gas in low level radioactive waste containers f o r  purposes of  
transportation and packaging. 
includes a user-friendly, menu-driven f r o n t  end. 
includes approximately 290 radionucl ides. 

I t  i s  written in Microsoft Visual C++ and 
The radionuclide database 

The program includes fourteen packages with pre-calculated gamma absorption 
fractions.  An extensive G(H,) value database has been compiled which contains 
information for a wide variety o f  materials found i n  low level waste and high 
level waste solutions and s lurr ies .  The program automatically adjusts G 
values t o  correspond with radiation type. 

Transportation calculations comply with the l a t e s t  DOT regulations. 
Documentation available fo r  Radcalc for Windows include a User's Manual and 
technical report. 
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