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ABSTRACT 

RndcpLc for W~DWS' is a user-fiendly menudriven 
Windows-compntible ilofhvnre program with applications 
in the upnspottatio~~ of radioactive materials. It 
calculates the radiolytic generation of hydrogen gas in 
the matrix of low-level and high-level radioactive wte.  
It also calculnh pressure buildup due to hydrogen and 
the decay heat genenited in a package at sed time. It 
computes the quantity of a radionuclide and its associated 
products for a given period of time. In addition, the 
code categorizes shipment quantities M reportable 
quantity (RQ), radio-ilctive, Type A or Type B, limited 
quantity (LQ, low trpecific activity (LSA), highway 
mute controlled quantity (HRCQ), and fissile excepted 
using US. Department of Transportation (DOT) 
definitions and methodologies. 

I. INTRODUCTION 

Radcalc for WindDws version 2.0 WM developed for 
the U.S. Department of Energy (DOE) by Westinghouse 
Hanford Company @WC) in 1994 and 1995. (Rust 
Federal Services of I-Ianford, Jnc., and Fluor Daniel 
Northwest, Inc., among others. took over the WHC 
contract at the beginning of fiscal year 1997.) The 
menudriven Microsorilb Windows-mmpatible computer 
code has two main applications in the packaging and 
transportation of radiaactive materials. It calculates the 
radiolytic production af hydrogen gas and determines the 
percent of hydrogen by volume in packages used for the 
traasportation of radioactive materials. The code's 
second main application is the cldfication of 
radioactive material shipments per DOTregulations. 

Widows is a trademlrk of Microsoft Corporation. 
bMicrosoft is a trademark of Microsoft Corporation. 

The code plso calculnh the activities of parent and 
daughter isbtopes for a specified period of time,calculates 
decay heat, and calculatas pressvre buildup from the 
production of hydrogen gas. Rodcplc hns baen verified 
and validated. 

The code is available from Packaging Engineering, 
Rust Federal Services of Hanford, Jnc., and is issued 
with a user's manual and a technical manual.' Radcalc 
for Windows is available on a 3.5-in. floppy disk and 
CPIL be installed on M IBW-compntible personal 
computer. It requires a 386 or higher processor with 
Microsoft Widows version 3.1 or higher. 

XI. SUMMARY OF FEATURES AND LIMITATIONS 

Radcalc for Windows 2.0 calculates the radiolytic 
production of hydrogen gas. It is designed to be used for 
analyzing hydrogm production in radioactive ion 
exchange resins, liquids, and sludges that m y  be found 
in tank wastes or spent fuel bashs, liquid samples, and 
other materials with a density between 0.6 and 3 glcm'. 
The code calculates the hydrogen gas generation rate, the 
quantity of hydrogen produced in a container during seal 
time, and the corresponding percent by volume of 
hydrogen gas in the package void volume. Pressure 
increases caused by hydrogen gas production are also 
included. Radcalc is not appropriate for calculations 
involving spent nuclear fuel, nor does it predict the 
production of hydrogen due to corrosion or chemical 
hteraCtiOM. 

Radcalc for windows 2.0 classifies shipment 
quantities as RQ; radioactive; Type A or Type B; LQ; 

IBM is a trademark of htemational Business Machines 
Corporation. 



LSA I, 11, and III; fissile excepted, and HRCQ using 
DOT regulations and definitions from the revised Title 
49 of the Code of Federal Regulatiom (49 CFR), 
Subchapter C, "Hpimdous Materials Regulations,"' 
effective April 1996. 

Radcalc for Windows contains a decay algorithm 
that PU'RSS~G a datahue of over 260 radionuclides. It 
calculates the activity of pnrent and daughter isotopes 
over the specified times. In addition. it calculates decay 
heat at the package seal time. 

The code is applicable to 14 different container 

LR-56; the PAS-1 cSSL; ion exchange columns; and 
others. These containers p ~ e  commonly used on the 
Hanford Site in Richland, Washington, and other DOE 
sites to transport mbactive waste. The code can be 
used for containers rv~t modeled in the code by d i n g  
the waste volume or Iiy choosing a container similar in 
size to the waste matxix. 

III. HYDROGEN GAS GENERATION IN RADCALC 

geometries, such ~8 30-, 55-, and 85-gal drums, the 

FOR WINDOWS 

A. Background 

High-level and low-level radioactive wastes produce 
ionizing radiation that may cause the radiolytic formation 
of hydrogen gas. A calculational technique for 
calculating the concentration of hydrogen generated by 
radiolysis in sealed idioactive waste containers was 
developed in a DOE iitudy conducted by EGffi  Idaho, 
Inc., and the Electric Power Research Institute (EPRI) 
TMI-2 Technology T~aosfer Office. The study resulted 
in report GEND441, A Calculational Technique To 
Predin Combuwiblc Gas G?neration in Sealed 
Radiwaiw Wmtc Containers.' The US. Nuclm 
Regulatory Commission (NRC) has also accepted the 
methodology, called the G-value method, for use in 
ensuring compliance with NRC Office of Inspection and 
Enforcement (IE) Infcmntion Notice No. 84-72.' 

NRC IE Information Notice No. 84-72, "CLPrifi- 
cation of Conditions for Waste Shipments Subject to 
Hydrogen Gas Gene~ation,"' applies to any package 
containing water and/or organic substances, such as 
resins, binders, waste sludge, and wet filters, that could 
radiolytically generatei combustible gpses. The NRC 
requires that the hydrogen gas concentration be less than 
5 % by volume (or equivalent limits for other flnmmable 
gaser) of the secondruy wntainer void for twice the 
expected shipment time. 

Subsequently, EPRI developed a simple computer 
pmgram in a spreadsheet format using the G-value 
method to predict hydrogen gas concentrations. The 
computer code was extensively benchmarked against 
Three Mile Island EPICOR XI resin bed meesuraments. 
The benchmarking showed that the model predicted 
hydrogen gas concentrations within 20% of the measured 
values. Radcalc for Windows refines and broadens the 
approach used in the original spreadsheei to calculate the 
production of hydrogm gas in the wnste matrix of 
pnclages. 

B. TheoreticalBasis 

Radiolysis is the chemical b g e  that occum in 
materials as a rermlt of ionizing radiation. The majority 
of radiolysis that occura in radioactive waste mDteripls is 
due to i n t e ~ ~ ~ ~ t i ~ ~  htiated by alpha particles, beta 
particles, nnd photons. As ionizing radiation travels 
through a medium, the atoms and molecules within the 
trajectory of the particle or photon will absorb energy 
and be ionized or left in an excited state. The species 
resulting from the ~ ~ ~ T I I C ~ ~ O M  will depMd upon the 
chemical structure of the ahsorbing medium and, for the 
most part, will be the same for differeat typea of ionizing 
radiation. The quantity of the species formed wiU 
depend upon the amount of radiation energy absorked 
within the material; the proximity of the different species 
formed that will affect the chances of species 
recombination; and, in some part, the chemical nature of 
the different components. 

In order to relate the quantity of a species produced 
radiolytically to the amount of energy absorbed. a term 
arbitrarily called the G value? WM defined. The G value 
of a material is defined as the number of molecules 
formed or disassociated per 100 eV energy absorbed. 
G valuea am species and material specific; that is, G(H4 
refers to the G value for the production of hydrogen gas 
and will differ for different absorbing media. G values 
am 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 comspndingly 
p t e 1 .  

Using the G-value concept, the pmduction of 
hydrogen can be calculated by multiplying the total decay 
heat or energy p rodud  over a specified period of time 
of d a t i o n  type j for radionuclide i by the fraction of 
decay heat or energy absorbed in the medium for that 
radiation type by the medium-spific G value for the jth 
radiation type.. Summing this product for all radiation 
types and qadionuclides in the material and multiplying 



by the mass of the m d u m  and a conversion factor will 
result in the quantity of hydrogen produced. 

W c  for Widows use8 the total energy emitted 
by heavy particle Pnd, betn-type decay in calculating the 
volume of hydrogen produced. However, only a percent 
of gamma energy will be absorbed in the package and 
wte. The original 1preadshe8t' developed to calculate 
hydrogen gas genemition use8 fitted c w e s  for four 
container types to calt:ulate the absorbed gamma dose in 
the waste material. For use in W c  for Windows, 
these same four c w ~ i  fits have been recalculated using 
the Monte Carlo N-Piuticle code.&' Along with the four 
original containers included in the W c  spreadsheet, 
ten additional containers have been pdded. The new 
containers are. used in the DOE complex for the 
transportation of mIiopctive waste materials. The 
gamma absorption fraction ranges from a few percent for 
small PDckpSes to up to pppronimstely 80%. 

IV. TRANSPORTATION CLASSIFICATION 
DETERMINATI'DNS 

Definitions, quantity cal~~lations, and the AJA, 
database used in Radcalc for Windows are tnlren From 
the revised 49 CFR Subchapter C, "Hazardous Materials 
Regulations,"' effective April 1996. Radcalc for 
Windows determines rhipment classification per DOT for 
radioactive materipL, Type A or Type B; LSA I, II, and 
III; LQ; HRCQ; and fissile excepted. It also calculates 
transuranic (TRU) waste per the Hanford Site Solid 
Waste Acqtance Criteria.* 

Radioactive mated:  The content of a package is 
classified as radioactive material if the specific activity 
is greater than 0.002 ,pCi/g or 70 Bq/g. 

Unitv fraction/Dalckane tvoe detennina tiog: The 
unity fraction is calculated following 49 CFR 
173.433(d).' If the uruty fraction is less than or equal to 
one, the payload is defined OS Type A. If the unity 
fraction is greater tharn one, the package is Type B. 

pauehter Drodui:ts in Radcalc for Windows: 
Radcalc for Windows usea the criteria outlined in 
49 CFR 173.433(c)' 831 identifying daughter products in 
transportation classification calculations. In Type AB, 
effective 4, LQ, LS24, HRCQ, and RQ determination 
daughter products M: included in the hnzprd of the 
parent, which is reprrxnted the All& value. The 
definition, as contained in Table 49, is: a single 
radioactive decay chrlin is considered to be a single 
radionuclide when no daughter radionuclide has a half- 
life either longer than ten days or longer than that of the 

parent radionuclide. W c  for Windows has identified 
47radionuclidea that are most fresuently shipped as 
pmducts of a parent radionuclide. These daughters are. 
identified by Radcplc for Windows, and calculations are 
made .ccordinply unless the user identifies a daughter 
product as being shipped by itself as a medical isotope. 

LSA de-: The total specific activity must 
be less than 1od 4 / g  for a package to be eligible for 
LSA-I. The limit for ISA-II is lo-' A,/g for solids and 
g w a  and IO1 A J g  for liquids. Water with tritium 
Concentration is LSA-II if it has an activity less than 0.8 
TBq/L (20.0 Ci/L). The LSA-III limit, which applies 
only to solids, is 0.002 A J g .  For mined radionuclides, 
the 8um of the ratios of specific activities of each 
radionuclide to its respective limit must be less than one. 
It is the responsibility of the user to verify that all other 
conditions for LSA are met specified in 
49 CFR 173.403' and 49 CFR 173.427, includiing the 
passage of a leaching test for LSA-III. 

. .  

LO dete- o : The activity limits listed in 
Table 7 of 49 CFR 1732 are. used for LQs. A mixture of 
radionuclidea is considered M LQ when the sum of the 
ratios of activities of ench radionuclide to its corn 
sponding limit, as indicated in Table 7, does not exceed 
one and the total quantity of is less than 15 g. 

J-IRCO determination: A package contains an HRCQ 
if it contains more than 3,000 times the A, or 4 value 
or 27,000 Ci or 1,OOO TBq. For mixed radionuclides, 
the quantity is considered an HRCQ if the 8um of the 
ratios of the activity of each radionuclide to its most 
restrictive corresponding limit exceeds one. 

Fissile exceoted determinatipe: W c  for 
Wdows2.0 specifies radioactive material as fissile 
excepted udder 49 CFR 173.453(by if the total mass of 
the following isotopes is greater than 15 g: '%I, TJU, 
nF'u, "U, and %. If the physical form is liquid and 
the total mass of %, :%, u ' ~ ,  n'U, and is not 
greater than 5 gll0 L, it is also fissile excepted. The 
wde also specifies radioactive material as fissile excepted 
under 49 CFR 173.453(e)'if the mass of mF'u and "lPU 
does not exceed 20% of the total mass of plutonium. 
This test is only applied when there is no more than 1 kg 
total of plutonium and there is no "U or present. 

TRU waste determination: Radcalc for 
Windows 2.0 specifies waste as TRU if the concentration 
of the following are greater than 100 nCi/g of the waste 
matrk d i u m  wurcm (mRa and =Ra), and all 
alpha+mitting radionuclides with a Z number greater 
than 92 and half-lives greater than 20years. This 



classification is based on the criteria given in 
WHC-EP-CW3-04, HanfordSite Solid Waste Acceptance 
Ch'teria.6 

m u :  Thc unity fraction for RQ 
determination is calcillated in Radcalc for Windows M 
the sum of the ratios of activities in curies of each 
radionuclide to its respective RQ limit in curies per 
49 CFR 172.101.1 If the RQ unity fraction is greater 
than or qual to one, the package is considered to 
contain M RQ. 

V. UNIT CONVERSIONS 

The user may input quantities in English units (e+, 
inches, feet, pounds) or in units in the System 
International (e+. , caitimeters, meters, 4""). Radcalc 
for Windows will display the input quMtrtres in tern of 
the units used when entered M well M in tern of 
Cen~meterS and p U I B .  

VI. RADCALC FOR WINDOWS DATABASES 

A. Radionuclide Databases 

Raddc for Windows utilizes the Fusion Energy 
Nuclear Data Library (FENDL)ID-l.od database for 
hydrogen gas generation and heat decay calculations. 
The FENDLID-1.0 database is the Evaluated Nuclear 
Data File/B-VI decay database library supplemented by 
experimental data fmm the Evaluated Nuclear Data 
Structure Data File. 

Radcalc for Windows u8e~ the Oak Ridge Isotope 
Generation and Depletion Code (ORIGEN)2' database 
for decay calculations. ORIGEN2 is managed and 
distributed by Oak Ridge National Laboratory and is 
widely accepted and used in national laboratories and the 
nuclear industry. I W c  for Windows uses the 
ORIGEN2 database for decay calculations. 

B. G Value Data 

The G value is dcrhed as the number of molecules 
formed or dispssociptsd in a medium pex 100 eV of 
absohed energy (m~1ecules1100eV). G values were 

'FENDUD Version 11, Janunry 1992, is a decay data 
library for fusion (and other) applications. Summary 
documentation by A. 13. Pashchenko. Index No. IAEA- 
NDS-161 in I& IO the LAEA-NDS-Documentation 
Series. 

extensively reseprched, and a l i t  of published G values 
is presented indocument SD-TP-RPT414.L0 Rndcalc for 
Windows u8ep a condensed version of this list. When 
maximum G values are cited for a msterinl, the G value 
is used for all radiation types. When G values M 
missing for a W o n  type, they are cnlculnted on the 
basis of G beta = G gamma and G alpha = 4 * G 
gamma. Tbis is in keeping with G value information 
given in &I Introduction to Radiation Chemistry." 

C. TransportationData 

Radcalc for Windows 2.0 usea the definitioasand A, 
and 4 values from the revised Title 49 CFR 173.435* 
effective April 1996. It also usea the HMod Site Solid 
Wmte A&ptancr criterid for the definition of TRU 
Waste. 

VII. VERIFICATION AND VALIDATION OF 
RADCALC FOR WINDOWS 

Rndcalc for Windows WM extensively validated as 
documented in Radailc for Windows Volume II: 
Technical Manual.' The code is sccompanied by verifi- 
cation casea to be run on a system after installation. The 
verification problems test the models incorporated in 
Radcalc for Windows and ensure the proper installation 
of the code on a computer system. 
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