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ABSTRACT

WAPPA-C is a waste package performance assessment code that
predicts the temporal and spatial extent of the loss of contain-
ment capability of a given waste package design. This code was
enhanced by the addition of the capability to calculate the sen-
sitivity of model results to any parameter. The GRESS automated
procedure was used to add this capability in only two man-months
of effort. The verification analysic of the enhanced code,
WAPPAG, showed that the sensitivities calculated using GRESS were
accurate to within the precision of perturbation results against
which the sensitivities were compared. Seasitivities of all
summary table values to eight diverse data values were verified.



I. INTRODUCTION

wAPPAl is a waste package performance assessment code that predicts
the temporal and spatial extent of the loss of containment capability of a
given waste package design. The code models the problem in a one-dimension
radial geometry on timescales up to one million years after jsolation.
WAPPA has five distinct barrier degredation proéess models that are driven
internally by waste decay and externally be Sepository stress and fluids.
The five process models treat the effects due to radiation, thermal heat
remcyal, mechanical stress, corrosion and leaching. The modelling approach
is barrier-integrated and process-sequential. These process models are
coupled at the system level by state variables such as source 1nventory,
decay power, temperatures and radionuclide distributions, material property
degredations and barrier integrity parameters. The WAPPA code will be
used in conjunction with UCBNE10.2,2 modified to include integrated decay
chains, and with BRINETEMP3 in the overall repository performance assess-
ment., BRINETEMP will be used to calculate brine flow rates and waste pack-
age surface temperatures as input to WAPPA. The radionuclide fluxes out of
the waste package as calculated in WAPPA will be used as input to UCBNE10.2
to calculate the migration of the radionuclides through the groundwater.
The purpose of this paper is to report on the testing and verification of a
version of WAPPA that will calculate, at the user's option, the derivative

of all responses with respect to any variable used in the code.
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II. BACKGROUND

The Office of Nuclear Waste Isolation (ONWI) is responsible for the
characterization and performance assessment of candidate high-level waste
salt repository sites. Because of the large uncertainties generally asso-
ciated with the data characterizing geological media and waste behavior and
because of the predictive nature of the simulations supporting the assess-
ment, sensitivity and uncertainty analysis are necessary components of the
overall performance assessment. To date both statistical and deterministic
methods have been used to calculate uncertainties associated with the

geological disposal of high~level waste.?

Generally, statistical methods are preferred for codes with a modérate
number of parameters; direct deterministic methods when there are many
performance measures of interest and a moderate number of parameters; and
adjoint deterministic methods when there are a limited number of perfor-
mance measures and a large number of parameters. Foi large codes with an
extensive data base, such as the computer models used by ONWI for perfor-
mance assessment, the deterministic approaches are more cost efficient for
producing a comprehensive ranking of sensitivities of results to data.
Both the direct and adjoint perturbation methods, which have been widely
used in analyses of nuclear systems,5 rely on model reruns for calculating
first derivatives., The cost of the reruns can be prohibitively expensive
depending upon the scope of the analysis and the number of varjables of
interest. To circumvent this problem, a procedure6 was developed to make
use of computer calculus and the chain rule of differentiation to calcu-
late first derivatives of any model variable with respect to any other

model variable. In addition, to avoid the costly programming effort of



implementing this capability in the various codes of interest to ONWI, a
Gradient-Enhanced Software System (GRESS)7 was developed that automatically
adds the necessary lines of coding to any FORTRAN source program. GRESS
has already been successfully applied to the SWENT, UCBNE10.2, ORIGEN2 and
TEMP computer codes.859,10,11 e following sections summarize thé appli-
cation of GRESS to WAPPA and the testing and verification of WAPPAG, the

gradient-enhanced version of WAPPA.
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IIl. APPLICATION OF GRESS TO WAPPA

The translation of WAPPA through the GRESS precompiler required about
two man-months effort and resulted in the version of WAPPA that has an
automated derivative-taking capability, WAPPAG. Most of the effort in
translating WAPPA was expended in changing the three-dimensional arrays
to two-dimensional arrays and eliminating all doubly argumented variables,
These changes were necessary because of the limitations of the current ver-
sion of GRESS. These limitations will not be present in the next version
of GRESS. The testing and verification of the derivative-taking capability
of WAPPAG required about one man-month of effort.

WAPPAG has the capability to calculate the first derivative of any
variable with respect to any other variable in the code. For most appli-
cations, the variables with respect to which the derivatives will be cal-
culated are chosen to be data values of interest. These variables will
be referred to as parameters. The variables for which derivatives are
calculated with respect to the parameters of interest will be referred to
as the responses, In WAPPAG the user has full contrel over the choice of
parameters and responses. In addition to the derivatives, first order
sensitivities are also calculated in WAPPAG. The sensitivities, s, are
defined by s = (a/R)/(dR/da), where R and a are the reference values of the
response and parameter of interest. Defined in this manner, the values of
s are normalized sensitivities in the sense that s is equal to the percent

change in response R per percent change in a.



IV. SENSITIVITY COMPARISONS WITH RERUNS

The sample problem used in this initial verification is one that
accompanied the WAPPA source tape that ORNL had received from ONWI. The
problem models the performance of a Commercial High Level Waste (CHLW)
borehole concept for the proposed Deaf Smith County repository. The waste
canister has a cast steel overpack and is modeled with one glassy waste-
form, two metal barriers, two air gaps, two corrosion/oxide layers and one
high-MG brine crushed salt backfill,

The responses chosen for comparing sensitivities for this verification
study are the masses out of the waste package of the 24 nuclides considered
in the sample problem (Summary Table 10 in the WAPPA output). The nuclide
distributions are calculated at 260 time steps after initial placement of
the wasteform into the repository, but the results are printed for only 52
time steps of interest. The nuclide masses listed in Summary Table 10 of
the WAPPA output are the total masses out of the waste package integrated
over all the years up to each of the 52 time periods. Sensitivities and
gradients for the 10,000 year time period were calculated both by reruns
and by WAPPAG for selected data from the various input files, The refer-
ence calculated responses are listed in Table 1, which is a copy of Summary
Table 10 of the WAPPA output. Comparisons between rerun-calculated sensi-
tivities and GRESS-calculated sensitivities are shown in Tables 2-7.

The first parameter with respect to which sensitivities were calcu-
lated was the thermal power source term at the time of burial. This
variable, RHEAT(1), is used in the Thermal Model to calculate temperatire
within the various problem annuli. The temperatures are then used in

the Mechanical, Corrosion and Leach models. Thus the sensitivity of the



responses of interest with respect to RHEAT(1) provides a good test for
WAPPAG since all but one of the process models are involved. The refer-
ence thermal power source at time of burial is 984.3 watts per metric ton
of initial heavy metal. The sensitivities of the nuclide messes escaping
the waste package boundary 10,000 years after isolation of the waste to
the value of RHEAT(1) are listed in Table 2. The sensitivities calculated
using WAPPAG are within the calculated precision of the first-order sensi-
tivities estimated from reruns.

The l4C, 1291, 135Cs and !37Cs masses are the most sensitive to the
initial decay heat. Note that if the value of RHEAT(1) is changed, in
reality the subsequent tabular values of RHEAT input to WAPPA would be
changed proportionally. If the sensitivity to initial decay heat is impor-
tant, the sensitivities to all twenty values of RHEAT would be calculated;
but for the purpose of verifying WAPPAG only the sensitivities to RHEAT(1)
were calculated.

The second parameter chosen for verification purposes was the height
of the wasteform, SHTWP. Although this parameter would not be of real
interest in most sensitivity studies, the height directly affects the vol-
ume and density of the wasteform and dose rate densities and thus provides
a good verification test. The WAPPAG and rerun-calculated sensitivities
of the element masses to SHTWP are compared in Table 3 and show excellent
agreement. The sensitivities to SHTWP are generally greéter than those to
RHEAT(1). The °°Tc, !25Spn, Pu and Am nuclides are the most sensitive to
the wasteform height.

The third parameter with respect to which sensitivities were calcu-

lated was the outside radjus of the wasteform. The sensitivities shown



in Table 4 verify that WAPPAG correctly calculated the sensitivities of
the nuclide masses to this parameter. All of the sensitivities of the
nuclide masses to this radius are greater than the corresponding values
with respect to height. This result was anticipated because the problem
modelling is one dimensional in the radial direction. Thus the radius
affects not only the dose and property densities to a higher order than
does the height, but a change in radius affects the analytical solution
of the temperature profile.

The gas gap thickness between the metal canister and the overpack for
this sample problem is 1.5 cm. The outer radius of the gap, SRTEMP(4), was
the fourth parameter examined. The sensitivities of the responses of
interest, the nuclide masses escaping the waste package during the first
10,000 years, to a change in the outer radius of this gap were calculated
by WAPPAG and reruns, The sensitivities, shown in Table 5, are in good
agreement. Except for 230Th, all the mass sensitivities to SRTEMP(4) are
opposite in sign compared to the sensitivities to SRTEMP(1). For the
heavy elements, an increase in gap thickness decreases their escape from
the waste package by about 2 percent for each percent increase in the gap
thickness. The 1%C, 1291, 135Cs, 137cs and 230Th are the only nuclides
whose sensitivity indicates an increase in mass out of the waste package
for an increase in gap thickness., However, at 10,000 years the decrease
in the escape of the heavy actinides is more important since the I and Cs
radioactivity are very low at that time.

The fifth parameter with respect to which sensitivities were calcu-
lated was the 233y mass at 5,000 years. This value, RADTOX(11,13), is

datum taken from ORIGENZ output and input into WAPPA as a member of the
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tabulated mass inventories at each of twenty ORIGENZ time steps. The
WAPPAG sensitivities of masses to RADTOX(11,13) are zero, and the rerun-
calculated sensitivities for a -1.0% perturbation are also zero as shown
in Table 6.

Sensitivities were calculated with respect to a sixth parameter,
RGAMA(1), the gamma ray source in photons/sec/MTIHM at time of isolation of
the waste, Because the cumulative gamma dose rate does not affect property
degradation and radiolysis enhancement factors in the model until a criti-
cal dose level is reached, RGAMA(1l) had no effect upon the masses out of
the waste package. The zero sensitivities in Table 7 confirm this effect
and verify that for this test case the arithmetically calculated WAPPAG

sensitivities are correct for this parameter.
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V. WAPPAG SENSITIVITIES FOR TWO LEACHING PARAMETERS
WAPPA prints fourteen Summary Tables providing various types of

information based upon the nuclide concentrations throughout the time

period being modelled. For this sample problem there are 24 nuclides and
52 printed time steps, resulting in a total of 17,472 printed values.
Sensitivities of these responses to the leach rate coefficient for diffu-
sion of the matrix component, WLRHLF, and to the diffusion coefficient
of the representative matrix component in water, WDBULM, were calculated
using WAPPAG. Results of directly calculated sensitivities were obtained
from perturbations of WLRHLF and WDBULM. Comparison of these sensitivities
to the WAPPAG-calculated sensitivities verified that the WAPPAG sensitivi-
ties were accurate to within the precision of the directly calculated

sensitivities.
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¥I. CONCLUSIONS
The WAPPA-C waste package performance assessment code was enhanced
by the addition of the capability to calculate the sensitivity of model
results to any parameter. The GRESS automated procedure was used to add
this capability in only two man-months of effort. Another month was
expended for testing and verification analysis. The verification analysis
showed that the sensitivities calculated using GRESS were accurate to
within the precision of the perturbation results against which these sen-
sitivities were compared. The sensitivities for all summary table values

were verified.
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VII. FUTURE WORK

The GRESS precompiler is presently being updated to handle most all
FORTRAN 77 statements and to handle up to seven-dimensional arrays. In
addition, work is now underway that will couple the derivatives between the
GRESS versions of UCBNE10.2, BRINETEMP and WAPPA. This coupling will pro-
vide sensitivities of the responses of interest in an overall performance
assessment study to the basic data. A software system ic being developed
that will automate most of the actual coupling of gradients between the
various computer codes .12

Anqther activity that might prove beneficial would be to calculate
sensitivities of selected intermediate variabies in any of the codes of
interest. By careful selection of the intermediate variables for which
sensitivities to other variables could be calculated, the effect of dif-
ferent physical process upon the responses of interest could be isolated.
For example, consider that the degradation of a material affects the
calculation of a variable y that in turn is used in the determination of
a response R. The effect of the degradation process can be quantitatively
determined by calculating the sensitivity of R with respect to y. Further-
more, if a sensitivity of R with respect to a data value a is calculated,
the portion of the sensitivity due to the degradation process can be deter-
mined by also calculating the sensitivity of y to a. Even if the physical
process is intertwined into the calculation of the response of interest,
dummy variables can often be introduced into the equations in such a manner
that they multiply any variables effected by the physical process. By then
taking out the process of interest and calculating the sensitivity of R
with respect to the dummy variable, a quantitative value of the sensitivity

of the entire process upon R can be determined.
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At some point the sensitivities will be used in conjunction with
response surface techniques and/or statistical methods to quantify the
overall uncertainties in the performance assessment that arise from use
of the computer models. Presently work is being carried out to identify

the best way to use the sensitivity data in an uncertainty analysis.
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0.12928€+¢00
0.13585€6-01
0.13585¢&~01
0.69617€-01
0.69617€-01
0.15841E+07

81



OATE: 23-JAN-9%

TINME:

ELEMENT
[
Se
Se
Te
Sn
I
Cs
Cs
Re
Th
u
v
u
Np
Pu
Pu
Pu
Pu
Py
Pu
Am
An
Ca
Ca
MATRIA

STNUCKCI-ITHT)=SNUCWT(Y)

) 225.¢
0.20805€02
0414 243£4GC
04411356402
0.15G91E+CC
2.15161¢-01
0.29553€¢03
0,27238E4(4
0.27236E+04
D.14762E-05
0.73611¢€-C2
0.15151€+CC
0.15151E+CC
0.15151€+6C
0.15006E¢00
0u14270E20C
0.14275€+0C
0.14276E+00
0. 1427¢€4G0
0.14270€40C
0.14276€+CC
0.15150E-G1
0.15159€=01
0a7105€-C1
G.710236=01
Ja1Li0PE07

Table 1 (Continued)

WAPPA

A WASTE PACRAGE PERFORMANCE ASSESSKENT CODE

CHLw BOREHOLE CONCEPTS

Q0 YEAR MEYTING YIME.

PAGE NO.

4.000

CANISTER WITh CAST STEEL OVERPACK, 2 METALS, 24 NUCLIDES, 2 AIR GAPS

OEsF SPITH COUNTY

CHLWw HIGH-MG BRINE CRUSNED SALT BACKFILL

SUMMARY TASLE # 190

TOTAL ELEMENT MASS OUT AT WASTE PACKAGE

TIFE SINCE EMPLACEMENT (VEARS)

D T L L L T T T R L L R e ey

25C.0
C.20E30E+N3
Ce15601€+00
Cou1837€1002
C.16¢36E¢L0
C.1&649E-01
0.2959L€¢03°
Ca27¢59E¢04
C.27259E¢04
Ca14971€-05
C.73745€-02
Gela?13E¢dD
Ca1e2135¢C0
C.16713€400
C.10¢92E+00
Ca15593E400
C.15593E+00
C.15593€+00
C.15523E¢00
C.15%93E400
C.15593€¢00
CaveThcs-01
C.158712€-01
Ca72254E-M
Ce72254t=-01
C.15Ep3€E007

SNUCRT(I)=SKRUCNT(])

STNUCWMCITHT) =PRSTRUCRMeWLFLAM DL TAT

275.0 30C.0
0.20252€+03 0.20871E+403
0,162992+0( Co181486400
0.42080E+02 0.624756+02
G«18175E¢D0 C.19710£+00
0.13152€-01 0.19720€-~01
0.29528E+403  0.294556+403
0.27278€E¢04 Co27294£404
0,272786¢04 Ca27294E€+404
0.13165E~03 0.15350Q€E-05
0.73345€-02 C.239736-02
0.16222E+00 C.1983GE000
0.18273:+400 C.19830€+00
G.14273E+9C 0.1983GE+00
0.1%120&¢00 0. 196648400
D.10482E+00 Ca121425400
0.16382E+00 0.18142&400
0.16E82E+00 0.18142£000
0.,103E2E+0] Ce18142€400
0.163225+400 Ca181428400
0.1¢3€E2E+00 0.13142€¢00
0.15271E-01 Ce1992¥E-01
U.TE271€E=01 0.19828€-01
0.73343c-01 0.7643156~-01
D.73343E~01 0.74315€6-01
N.16v14E¢07 0.18932E¢07

¢SAUCKPCI)*DELTAT

PRSTNLCwMzSTRUCWN(ITNT=T)

350.0
0.20904E+03
0.20575E+00
0.43143E¢02
0.2276SE+0C
0.22794£-01
0.29701¢+03
0.27322E+04
0.27322£+04
0.15705€-09
0.7418CE-02
0.22935E40C
0.22939£+400
0.22935€40G
0.22706E+0C
0,20571€+0C
0.20571E+0C
0.205715+0C
0.20571E+00
0.20571€¢00
0.20571€+00
0.22933E-01
0.22933€-01
0.75963€-01
J.75963€~01
0.18964€E407

6.000

BOUNDARY (GRANS)

400,90 450.0
0.20931E+03 0.20954€E403
0,22890E400 (Q.25097E400
0.43696E+02 0.641¢3E¢02
0.25802€+00 3.28820€E+C0
0.25841€~01 0.28872E-01
0.29738E+03 0.29770€¢03
Ca27345E¢0¢ 0.27384E404
Ca27345E404 0e.273L4E404
0.14047€6~05 0.18324E-05
0.76320E-02 DeP4458E=-02
0.26039E+00 0.29133E+00
C.28039E+00 0,29133€+00
0.26039€400 0,29133E+0Q0
0.25730E400 0,287%E+Q0
0.22891£+400 0.251G53+00
0.22891E400 0.251C5€+00
Ge22891E+00 D.251CSE*00
0.228916+00 0.25105E¢00
0.22891€+00 0.251C5E+00
0.22391€400 0.25105E+00
C.26029€-01 0.29116E-01
0.28C29E-01 0.29116E~01
Q.773272€-01 0.78427E-01
Co.?727327E-01 0.78677E=01
C.18990€+07 0.19012E+07

382

500.0
0.20973€+03
0.27200e+00
0.,44563E¢02
0.31820€+400
0.31880£-01
0,29797E+Q3
0.27381E+4D4
Q.27381E+04
0.14721€-05
0.74581E-0¢
0.322208+00
0.32220E+¢00
0.32220€+00
0.31727e+00
0.27217£+400
0.27217€+00
0.27217e+00
0.27217E+00
0.27247€+00
0.27217€+00
0.32194E-01
0.32194€~-01
0.7%4061€-01
0.79401€E~01
0.19030E+07

61



Table 1 (Continued)

NAPPA PAGE NO. 383

A WASTE PACRAGE PERFCRWANCE ASSESSFENY CODE

OATE; 23-JAN=Et
TINE: Obs2és3d

CHik SOREMOLE CCNCEPT: O VEAR METTING TINE. 4,000
CANTSTER wiTh CASY STEEL OVERPACK, 2 METALS., 24 NUCLIDES, 2 AXIR GAPS
DEAF SFITH COUNTY CHLW MIGh=MG BRINE CRUSHED SALT BACKFILL 6,000

SUMMARY TABLE # 10

TOTAL SLEMENTY MASS QUT AT WASTE PACKAGE MOUNDARY (GRANMS)

........ P L ey P T L R P L Y

TIRC SINCE EMPLACEFENT (VEARS)

ELEKRENT 5754C 65C.0 725.0 40C.0 ¢50.0 900.0 950.0 1000.0
C 0.2C997¢+C3 Coe21C17¢+03 0,21)33E+403 0.27040E+03 0.21054€+03 0.21Co1E+03 0.21008€¢03 0.21074E¢03
Se 0.30145c¢CC Ca32853:400 0.35345€E+40C 0.37638€+00 0.39065€+00 C.40425E+00 0.41711€+00 0.42931€+00
Sr 0.45057E+G2 C.b54572¢02 0.45790E*D2 G.4c971E202 0.40236£402 Qu.46380E+02 0.40522c402  0.46047E+02
Te 0.24281€+CC Cob049S240 7.45057€+00 Go473I715400 0.52210E+00 0.55041E+00 0.57839E+¢00 0.00012E+00
sn Ua3e373:-061 C.e0816E-01 Nee521EE~01 Cad?574E-M 0.52452¢8-01 0.55309€-01 0.581456~01 0,60958€-01
1 OacvBancee(2 C.29E58k003 0.293E0E+02 C.298992+03 0.29910€¢02 0.29920€+03 0.29929E+03 0.29938E+03
Cs 0,274016404 Co27418E%04 Ga27421E404 Ca27643€404 Q. 27449€404 0.27450€¢04 D.274018404 0,27400E¢04
Cs 0274912404 Ca27418E204 0.276312404 0.27443€6404 0.27449E¢04 0.27456E¢04 0.27441E¢04 0.27466E+04
Ke Ue1717v4€E-L5 Co17¢c2€-C5 0.120225-G5 C.18399€-05" 0.18642E-05 0.18E8C0E-05 0.19114€-05 Q.19345€-05
Th UoP4l37c-02 C.74870E-02 0,74984E=N2 €.75085€6-02 0.75146€~02 C.75203€~-02 0.75257¢-02 0.75307e-02
u de3c2402+40C Covlé4pnEC00 0.40929€+0C 0.50619E¢00 0.53606E+00 G.56707€+00 0.59243E¢00 0.62773e+00
v OeYeasbsenl C.6t44pErOD 0.4660395¢0C C.5C419€+¢00 0.53666E+0C C.56707€+00 0.59743E+00 0.,62773E+00
u Oodez40ceCC Cou1440E406 0.40C19E*D0 0.50419€¢00 0.53664€+00 0.56707€+00 0.59743€+00 0.62773E¢00
Np Da3ci?7k2CC C.40532c400 OubeP43E400 0.49253E¢00 0.52112€E+00 0.54945E+00 0.57759€+00 0.605536+00
Pu 0.3G1012+CC C.325156¢00 0.354278+00 0.377676400 0.3922¢€+0C C.4C¢11E400 0.41928E+00 0.43181E¢00
Fu 0.3CI1E15¢G0 C.3251%:4N0 0.35437€+00 0.37767€E+00 0.3922¢€¢0C 0.4G411E+0Q 0.41928€+00 0.43181E+00
[ L] 0,30181€E¢9¢C Ce32615€¢00 0.35437€+0C Co37707E+00 0.19226€+00 0.40¢11E¢00 0.41928¢k¢00 0,43181€400
Pu 0.3C1016¢0C C.328155+¢0) 0.354372¢00 C.37767£+00 0.39226€+00 C.4G¢11E+0D 0.419282¢00 0.43181E4Q0
Pu Ve 201812+4CC C.320152400 0.35¢27E¢00 G.37767€400 0.3922¢€+0C C.40811€+00 0.41928E+Q0 0.43181€+00
Py Ue30101E¢(C C.32515e¢00 £.354378¢00 C.377c7E+00Q ¢.3922¢€+0C 0.40¢11E+0Q 0.41923€E+00 0.43181€+00
An Ua307928~0Y fobile?8-00 Q.6S31¢E=-DY C.5CH36E-D1 0.53432€-01 Ce5¢011E-D1 0.59373¢-01 0.62316€-01
Ao Ua2e?92€-0C1 Cabt2c?7:~-71 Cab591€E-D1 C.504306€E-01 0.534326-01 0.56411£~01 0.59373€-01 0.62316€E-01
Cn Ver{s?73:-01 Coz1€5%c-01 «226£1€-01 C.53140€-01 0.83538E~-01 C.8389T7E-01 0.84223E-01 0.84521€-01
Ca Uat(a72E-01 C.31¢522-0 D.oueet1E-01 C.631462-01 0.8353¢e-u1 C.u3E97E-01 0.84223€-01 0.B4521€-01
MATKIA Jalbud12e(? Cot190 72407 L IVETESD? 0. 191C1ED? 0.191085¢07 C.15115E+407 0.19122€¢07 0.19127€407

STHUCH (T, 1TMY)aSNUCUT(I) SRUCWTLTI) aSMLCWI(D) +SAUCRPCI)SDELTATY

STHUCMMCIT41)sPRSTAUCRE *n L FLXMSL L TRT

ForTi CUMaSTRLCa({Tml=-1)

0¢



DATE: «l-JAn=z-

TIME: Cts2é:3:

eLERENT
C
Se
Sr
¢
Sn

Np
Pu
Pu
Pu
Pu
Pu
Pu
Am
Am
Ca
(4]
RATKIX

STNUCK (I, ITHT)aSHuCuT (1)
STNUCKN(IT#1)3PRSTNUCKN ap Pt s

138%Ga.u
0.210598402
V. h4uvperiiC
VoebeTobiell
Os0l805ctll
0.e3753£=021
D.2¥rboer(2
0.274715+04
0.274715+C4
0.19574c-0¢
0e7535%2-0¢
D,e57¥25+C
Je€37vuEl(
0.65798E+CC
Uee3330€E+3C
0.443358+CC
0.4a3e3E4NC
D 44305E400
H.44305€6v0C
UeahSNSECQC
U.‘hiuSE'CC
0.€3243E-C1
0.65%..72~01
U, 847v7E-C1
Qe ba?7975-C1
0.19133E+C7

Table 1 (Continued)

niAFPR

A WASTE PACKAGE PERFOCMANCE ASSESSPENY CODE

Chih BOREHOLE CCANCEPY:

0 YEAR WETTING TIME,

PAGE NO.

4.000

CANISTZR WITn CAST STEEL OVERPACK, 2 METALS, 24 NUCLIDES, 2 AIR GAPS

DESAF SMITH COUNTY

SUMMARY TABLE # 10

CHLW MIGH=MG BRINE CRUSHED SALT BACKFILL

TOVAL ELEMENT PASS OUT A!.HASYE PACKAGE

P L L LT TR T PP PRSP IR T Y L L LY LY Y

TIFE SINCE EMPLACERMENT (YEARS)

LR LY PP R LI T TR PR TR P Y T L

110C.0
Coa9C55£403
Lek5227E%00
Lesol74E002
Cacallnc+00
Ce6e5332-01
Le29653E403
Ca27475£404
Ba27475E+04
Caly?v?E-95
Ce?5402E~02
C.0bET9E¢NO
CatBE1G+00
Datnttyeeld
Lab6C92E40%
CadS5549€+00
Ca455495900
[.435495400
Fa45549E400
CebS549E¢0C
Cod554596+400
L.e2154¢~01
C.5£154c~01
C.e5C%8¢e~0
C.355C5e&~01
E.lv13kt’17

TRUCRT(I) SSNLINT(T)
R 8 :

1150.9 120¢.0
0.21059€+490] C.21095E+03
0.403165+00 C.47305€¢00
Da459792402 C.47078E+02
J.0E817540Q 0.71510£+00
0.0725¢E=01 C.72043E-01
V.295¢0E+03 C.29900E¢03
0a27450E+04 0274346404
0.2746E0E+04 C.274 645404
0.20012E~05 C.23237€E-05
0.75649E~02 0.75491E-02
0.7°9356400 C.74848E+Q0
D.TIBISE+4DQ 0.74848E+00
0.7T1435E0C 0.74844E400
O.2843pE4DD Q.71570€+00
C.ec67¢c420 Ced?7¢7€400
U.Let87£E240Q C.a7T76TEOD
0.4c¢570E47C Cea7707€¢00
C.bkocleE+DL C.47767€400
Q.6307¢E+0GQ C.47747E400
Qeé00?¢cE+ON Cub?70?E+00
C.7i0:85CE=-0 Q.7%930E-01
n,7219502=-M 0.73930¢€-01
1.85324€E-01 C.85530E-01

L85%C4z-09 C.945S36E-01
LI+ Co19147E¢07
+SNUCKRP(T)eDELTAT

TR L mSTALLE 'L1TRY=Y)

1400.0
Q.21111E+02
0.51213E+0C
0.47425E+02
0.82115€+00
0.£2855E-01
0.29990E+03
Q.27498E¢04
0.27492E+04
0.21095E~03
0.75055€E-02
0.36852€+0C
0.86852E+0C
0.86852E+0C
0.82329E40C
0.51781€+00
0.51781€+0C
0.51781E400
0.51781E+0C
0.51781£+00
0.51781¢€+00
Q.8524LE-01
0.85242E-01
0.80340E-01
0.86340E-01
0.19103E40?

6,000

BOLMOARY (GRAMS)

1¢00.0
C.,21120E£+03
C.54¢11E+00
0.47717E¢02
0.92433€+00
C.93414£-01
0.30009E¢03
0.27510€+04
C.27510E+04
0.21945E-0%
0.75805€-02
0.98788E+00
0.9873EE+09
C.9478EE+00Q
0.92855€+00
0.55345E+00
£.55365€+00
C.953065E+400
C.55345E+00
C.55245E400
0.553056+00
0.98230€-09
C.96230E-01
0.87004£~-01
0.37004E-01
C.19177€+07

1800.0
0.21138E+03
0.57642E400
0.479€7E+02
0.10247€+01
0.10372E+00
0.30026€+403
0.27520E404
0.27520€+04
0.228C3E-05
0.75945€-02
0.11068E+01
0.11086E+01
0.110coE+01
0.10316E+01
0.5B555E400
0.58555E+00
0.58595E+00
0.58555E+400
0.58555€+00
0.58355E+00
0.10684 E+0D
0.106346£400
0.475¢36~01
0.875¢3€-01
0.19128E¢07

384

2000.0
0.21143E+D3
0.603656+00
D.48185Ev02
0.11224€+01
0.11378£+00
0.30041E+03
0.27529€+04
0.27529€E+04
0.23682E-05
0.70079€-02
0.12244€+01
0.12240E401
0.12240E+01
0.11324E+01
0.61527€+00
0.61527E+00
0.01527€+00
0.61527€+00
0.61527E+00
0.61527€+00
0.11699€+00
0.11£99€+00
0.88042E-01
0.38042€-01
0.1519BE+07

12



Table 1 (Continued)

WAPPA PAGE NO. 385

A RASTE PACKAGE PERFORMANCE ASSESSPENY COOE

DATVE: 25-JAN-E¢
TINES: Uo323:%¢

Crlw SCREWOLE CONCEPTs O YEAR RETTING TIME. 4,000
CANISTER WITH CASY STEEL OVERPACK, 2 METALS., 24 NUCLIDES, 2 AIR GAPS
DcAF SMITHM COUNTY CHLW HIGH-~MG BRINE CRUSHED SALT BACKFILL 6.000

SUMMARY TABLE & 10

TOTAL ELEFENT MASS OUY AT WASTE PACKAGE QOUNDARY (GRANMS)

TIFE SINCE ENPLACEMENT (YEARS)

ELERENY 2250.0 250€.0 27150.0 3000.0 3500.0 4000.0 §500.0 5000.0
4 0e.21100E£403 0.21170€403 0.21129E+403 C.21188€¢03 0,21203£+03 0.21216€+03 0,21227E+03  0.21237E+03
Se 0.6345162(C G.6t274E¢00 0.68472c+00 C.71280E¢00 0.75582E+0G 0.79267€+00 0.82739E+00 0.85774€E¢00
sr 0.648425E¢C2 C.42¢41E402 0.48630E¢02 _ G.49013E+402 0,49326€¢02 0.495956¢02 0.49832E+02 D.50042E+402
T¢ 0.12412E4C1 Co135cEEe01 0.14¢55€+01 0.15793€+01 0.17904E+01 0.19513E+01 0.21829E+01 0.236¢58E+01
Sn 0.126056+00 C.12L04E+400 D.14975t¢0C 0.16120€¢00 0.198328€+0C Q0.204642E400 D.2246T7TE400 0.24410E400
1 0.30057€¢02 0,30CT1E4O3  0.300845403  0.30096E¢03  0.30117E+0Q3 J+30135€403 0.30151€+03 0.30165E+03
Cs De27539E¢(4 Co27847E406  0.27555E+04 Co275c2E+0%7 0.2757"°+04 0.2758¢E404 0.27596E+04™ 0.27604E+04
Cs 0.27539£6¢04 C.27547€¢04 0.275555+404 0.27562€¢04 0.27575:404 Co27586E+04 0.27556€E+04 0.27604E¢04
Ra 0.2677y2-05 0.2525bE-05 D.2092YE-05 0.280036-05 0.30187€-05 0.32459€-05 0.34864E=05 0.37441€-05
Th 0.7623%E-0¢ 0,762938~02 0.76543€-02 0.70089E-02 0.76977E-02 0.77263E-02 0.77553E-02 0.778516-02
v 0.15712€491 C.15170E+0Y 0.16020E+01 0.18061E+01 0,20915E+01 0.23745E401 0.26539E+01 0.29303E+01
u 0.13712c¢C1 C.151F55¢C1 O.1¢68:0E+01 0.15061€¢01 0,20919E+C1 0.23745E+01 0.26539E+Q1 0.26303£+401
u 0.11712€+C1 Co15170E ¢0y 0.1662CE401 0.180618+01 0,20919E+0Y C.23745E+01 0.20539€+01 0.29303€¢01
Np 0.12557€¢031 Ce13702E+7Y 0.149625¢01 0.,16095€+01 0,18324E+01 0.20463E+01 0.22517E+01 0.24493€+401
Pu et 4db3cei( Co679818¢00  0,70E55E+00 C.735486400 0,78424E+00  0.82791£+00 0.86756E+00 0.90388E+00
Pu D.e4H483EGC C.67%21E4C0  0.70859&¢00 C.73543E6¢00 0.73424E+00 0.52793€+00 0.86756E+00 0.70338E+00
Pu Ja04863E40C Ce075818400 0.70159€+0C Q. TISAEE400 O.78424E+0C C.22793E+400 0.806750E+00 0.90388E00
Pu Dot adblIneC( Co6753516¢00 0. 70259E+00 0.7354BE200 0,78424E+00 C.B82793€+00 0.86756E¥00 0.9038EE+00
Py Q.c4823:00C C.875215+0C D.702395400  0.73543E+400  0.78424E+00 C.82793€¢00 C.56T56E+00 0.9C388E+00
Pu Uocey035+5C Coo?5216+400 0.70E55e+D0 CaTIS48E000 0.78424€°00 C.B82793E+00 0.86750E+00 0.90388E+00
An 0,129192¢0C C,16(9YYESO0 O, 1523¢E¢00 C.1¢335€¢00 0.1839€E+0C C.20292€+00 0.22026E+00 0.23603E+00
Am 0.1291v:9GC C.14C99E+00  0.1523EE+CI 0.16235E+00 0.1339¢£+0C 0.20292E+00 0.22026€+00 0.234603€+00
Cm O.ctS5o0E~-C1 C.tyC15E-01 0,£9417:-01 0.89777€-01 0,9038eE-01 0.90390€~-01 0.91314E~01 0.91675€e~01
(m Jotid00E-C1 C.e9C15E=-01 0. 89412:-01 C.887727E-00 0.5038¢E~0t 0.70290€-01 0.91314E~01 0.91675E-01
MATRIX Ne1¥210c237 C.1921954C7 La1Vv22FE607  0.19237E407  0.19251E407 C.19203E+07 0.19274E+407  0.19284E+07

STUUCK (T, ITPY) =3NUCNTLY)

SNLECATC(I)*SnuCal(l)

STHUCRMLiTMI2SPRETHUL R oRL SLA" ~L "L TAY

PFSTIN .

+SHUCWPCIDSDELTAY

0y Ty
=iV

Ca - CITRI=1)

22



Table 1 (Continued)

Vates 23=JaN=-*¢ WAPPA PAGE NO.
TINE: .-+3¢%¢3s A LASTE PACKuuT PERFORMANCE ASSESSFENT CODE

Crik BOREMOLE COMCEFT: O YEAR WETTING TINME. 4.000
CANISTER WITH CAST STEEL OVERPACK, 2 METALS, 24 NUCLIDES, 2 AIR GAPS
ODEAF SMITH COUNTY CHLW HIGH=MG BRINE CRUSHED SALT BACKFILL 0.000

SUNMARY TABLE # 10

TOTAL ELEFENT MASS OUY AT WASTE PACKAGE BOUNDARY (GRAMS)
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Table 2. Comparison of WAPPAG and Directly Calculated Sensitivities
to Thermal Power at Time of Burial
Rerun perturbation, % -0.944833E+00
Parameter value, W/MTIHM 0.984300E+03
Parameter name RHEAT(1)
NUCLIDE SENSITIVITY SENSITIVITY MASS OUT AFTER
(WAPPAG) (RERUN) 10,000 YEARS
C 14 -0.139775E+01 -0.141480E+01 0.213209E+03
Se 79 -0.126189E+00 -0.122580E+00 0.111276E+01
Sr 90 -0.245947E-01 -0.210575E-01 0.517873E+02
Tc 99 0.158648E+00 0.163489E+00 0.404388E+01
Sn 126 0.182543E-00 0.187391E+00 0.423839E+00
I 129 -0.144410E+01 -0.146271E+01 0.302813E+03
Cs 135 -0.149290E+01 -0.151266E+01 0.276751E+04
Cs 137 -0.149229E+01 -0.151266E+01 0.276751E+04
Ra 226 -0.601444E+400 -0,602368E+00 0.727716E-05
Th 230 -0.845911E+00 -0.849164E£+00 0.818810E-02
U 233 0.369588E+00 0.374087E+00 0.563315E+01
U 234 0.369588E+00 0.374087E+00 0.563315E+01
U 238 0.369588E+00 0.374087E+00 0.563315E+01
Np 237 0.187171E+00 0.192005E+00 0.428599E+01
Pu 238 -0.134674E+00 -0.131020E+00 0.122183E+01
Pu 239 =0.134674E+00 -0.131020E+00 0.122183E+01
Pu 240 =0.134674E+00 -0.131020£+00 0.122183E+01
Pu 241 -0.134674E+00 -0.131020E+00 0.122183E+01
Pu 242 -0.134674E+00 -0.131020E+00 0.122183E+01
Pu 244 -0.134674E+00 -0.131020E+00 0.122183E+01
Am 241 0.136951E+00 0.141553E+00 0.358202E+00
Am 243 0.136951E+00 0.141553E+00 0.358202E+00
Cm 244 0.125190E-01 0.160715E-01 0.940592E-01
Cm 245 0.125190E-01 0.160715E-01 0.940592E-01
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Table 3, Comparison of WAPPAG and Directly Calculated
Sensitivities to the Wasteform Height

Rerun perturbation 0.999998E+00
Parameter value, m 0.370000E+01
Parameter name SHTWP
NUCLIDE SENSITIVITY SENSITIVITY MASS OUT AFTER
(WAPPAG) (RERUN) 10,000 YEARS
C 14 -0.374480E+00 -0.370955E+00 0.213209E+03
Se 79 0.845037E+00 0.842392E+00 0.111276E+01
Sr 90 0.955058E+00 0.951906E+00 0.517873E+02
Te 99 0.113061E+01 0.112917€+01 0.404388E+01
Sn 126 0.115462E+01 0.115326E+01 0.423839E+00
I 129 -0.420103E+00 -0.415598E+400 0.302813E+03
Cs 135 -0.467530E+00 -0,462265E+00 0.276751E+04
Cs 137 -0.467530E+00 -0,462265E+00 0.276751E+04
Ra 226 0.376438E+00 0.376176E+00 0.727716E-05
Th 230 0.163473E+00 0.159067E+00 0.818810E-02
U 233 0.134260E+01 0,134239E+01 0.563315€+01
U 234 0.134260E+01 0.134239E+01 0.563315E+01
U 238 0.134260E+01 0.134239E+01 0.563315E+01
Np 237 0.115927E+01 0,115795E+01 0.428599E+01
Pu 238 0.836422E+00 0.833868E+00 0.122183E+01
Pu 239 0.83€422E+00 0.833868E+00 0.122183€+01
Pu 240 0.836422E+00 0,833868E+00 0.122183E+01
Pu 241 0.836422E+00 0.833868E+00 0.122183F+01
Pu 242 0.836422E+00 0.833868E+00 0.122183E+01
Pu 244 0.836422E+00 0,833868E+00 0.122183E+01
Am 241 0.110881E+01 0.110754E+01 0.358202E+00
Am 243 0.110881E+01 0.110754E+01 0.358202E+00
Cm 244 0.989706E+00 0.986804E+00 0.940592E-01
Cm 245 0.989706E+00 0.986804E+00 0.940592E-01




26

Table 4. Comparison of WAPPAG and Directly Calculated Sensitivities
to the Outside Radius of the Wasteform

Rerun perturbation 0.998985E-02

Parameter value, m 0,267300E+00
Parameter name SRTEMP(1)
NUCLIDE SENSITIVITY SENSITIVITY MASS QUT AFTER
(WAPPAG) (RERUN) 10,000 YEARS
c 14 -0.193548E+01 -0.192568E+01 0.213209E+03
Se 79 0.197116E+01 0.214798E+01 0.111276E+01
Sr 90 0.247692E+01 0.250775E+01 0.517673E+02
Tc 99 0.236960E+01 0.252596E+01 0.404388E+01
Sn 126 0.240556E+01 0.255010E+01 0.423839E+00
I 129 -0.214671E+01 -0.214173W+01 0.302813E+03
Cs 135 -0.247961E+01 -0.246728E+01 0.2767%1E+04
Cs 137 -0.,247961E+01 -0.246728E+01 0,276751E+04
Ra 226 0.111017E+01 0.151566E+01 0.727716E-05
Th 230 0.234794E+00 0.272117E+00 0.818810E-02
U 233 0.268899E+01 0.273269E+01 0.563315E+01
U 234 0.268899E+01 0.273269E+01 0.563315E+01
U 238 0.268899E+01 0.273269E+01 0.563315E+01
Np 237 0.241280E+01 0.255367E+01 0.428599E+01
Pu 238 0.195461E+01 0.215058E+01 0.122183E+01
Pu 239 0.195461E+01 0.215058E+01 0.122183E+01
Pu 240 0.195461E+01 0.215058E+01 0.122183E+01
Pu 241 0.195461E+01 0.215058E+01 0.122183E+01
Pu 242 0.195461E+01 0.215058E+01 0.122183E+01
Pu 244 0.195461E+01 0.215058E+01 0.122183E+01
Am 241 0.233614E+01 0.250435E+01 0.358202E+00
Am 243 0.233614E+01 0.250435E+01 0.358202E+00
Cm 244 0.243261E+01 0.245171E+01 0.940592E-01
Cm 245 0.243261E+01 0.245171E+01 0.940592E-01
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Comparison of WAPPAG and Directly Calculated Sensitivities
to the Outer Radius of the Outermost Gap

Rerun perturbation, % 0.338989E+00

Parameter value, m 0.295000E+00

Parameter name SRTEMP(4)
NUCLIDE SENSITIVITY SENSITIVITY MASS OUT AFTER

(WAPPAG) (RERUN) 10,000 YEARS

C 14 0.165940E+01 0.165378E+01 0.213209E+03
Se 79 -0.197326E+01 -0.196764E+01 0.111276E+01
Sr 90 -0.171478E+01 -0.171188E+01 0.517873E+02
Tc 99 -0.186445E+01 ~0.185777E+01 0.404388E+01
Sn 126 -0.185474E+01 -0.184792E+01 0.423839E+00
1 129 0.176379E+01 0.175958E+01 0.302813E+03
Cs 135 0.198282E+01 0.197950E+01 0.276751E+04
Cs 137 0.198282E+01 0.197950E+01 0.276751E+04
Ra 226 -0.162479E+01 -0.162254E+01 0.727716E-05
Th 230 0.285323E+00 0.273961E+00 0.818810E-02
U 233 -0.177831E+01 -0.177088E+01 0.563315E+01
U 234 -0.177831E+01 -0.177088E+01 0.563315E+01
U 238 -0.177831E+01 -0.177088E+01 0.563315E+01
Np 237 -0.185288E+01 -0.184614E+01 0.428599E+01
Pu 238 -0.197794E+01 -0.197265E+01 0.122183E+01
Pu 239 -0.197794E+01 -0.197265E+01 0.122183E+01
Pu 240 -0.197794E+01 -0.197265E+01 0.122183E+01
Pu 241 -0.197794E+01 -0.197265E+01 0.122183E+01
Pu 242 -0.197794E+01 -0.197265E+01 0.122183E+01
Pu 244 -0.197794E+01 -0.197265E+01 0.122183E+01
Am 241 -0.187275E+01 -0.186621E+01 0.358202E+00
Am 243 -0.187275E+01 -0.186621E+01 0.358202E+00
Cm 244 -0.178447E+01 -0.178047E+01 0.940592E-01
Cm 245 -0.178447E+01 -0.178047E+01

0.940592E-01

——
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Table 6. Comparison of WAPPAG and Directly Calculated Sensitivities
to U-233 Mass at 5,000 Years
Rerun perturbation, % -0.100000E+01
Parameter value, g/MTIHM 0.480000E+03
Parameter name RADTOX(11,13)
NUCLIDE SENSITIVITY SENSITIVITY MASS OUT AFTER
(WAPPAG) (RERUN) 10,000 YEARS
C 14 0.000000£+00 0.000000E+00 0.213209E+03
Se 79 0.000000E+00 0.000000E+00 0.111276E+01
Sr 90 0.000000E+00 0.000000E+00 0.517873E+02
Tc 99 0.000000E+00 0.000000E+00 0.404388E+01
Sn 126 0.000000E+00 0.000000E+00 0.423839E+00
I 129 0.000000E+00 0.000000E+00 0.302813E+03
Cs 135 0.000000F+00 0.000000E+00 0.276751E+04
Cs 137 0.000000£+00 0.000000E+00 0.276751E+04
Ra 226 0.000000E+00 0.000000E+00 0.727716E-05
Th 230 0.000000E+00 0.000000E+00 0.818810E-02
U 233 0.000000E+00 0.000000E+00 0.563315E+01
U 234 0.000000E+00 0.000000E+00 0.563315E+01
U 238 0.000000E+00 0.000000E+00 0.563315E+01
Np 237 0.000000E+00 0.000000E+00 0.428599E+01
Pu 238 0.000000E+00 0.000000E+00 0.122183E+01
Pu 239 0.000000E+00 0.000000E+00 0.122183E+01
Pu 240 0.000000E+00 0.000000E+00 0.122183E+01
Pu 241 0.000000E+00 0.000000E+00 0.122183E+01
Pu 242 0.000000E+00 0.000000E+00 0.122183E+01
Pu 244 0.000000E+00 0.000000E+00 0.122183E+01
Am 241 0.000000E+00 0.000000E+00 0.358202E+00
Am 243 0.000000E+00 0.000000E+00 0.358202E+00
Cm 244 0.000000E+00 0.000000E+00 0.940592E-01
Cm 245 0.000000E+00 0.000000E+00 0.940592E-01
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7Table 7. Comparison of WAPPAG and Directly Calculated Sensitivities
to the Gamma Ray Source at Burial

Rerun perturbation, % -0.990000E+02
Parameter value, p/s/MTIHM 0.743600E+16
Parameter name RGAMA(1)
NUCLIDE SENSITIVITY SENSITIVITY MASS OUT AFTER
(WAPPAG) (RERUN) 10,000 YEARS
C 14 0.000000E+00 0.000000E+00 0.213209E+03
Se 79 0.000000E+00 0.000000E+00 0.111276E+01
Sr 90 0.000000E+00 0.000000E+00 0.517873E+02
Te 99 0.000000E+00 0.000000E+00 0.404388E+01
Sn 126 0.000000E+00 0.000000E+00 0.423839E+00
I 129 0.000000E+00 0.000000E+00 0.302813E+03
Cs 135 0.000000E+00 0.000000E+00 0.276751E+04
Cs 137 0.000000E+00 0.000000E+00 0.276751E+04
Ra 226 0.000000E+00 0.000000E+00 0.727716E-05
Th 230 0.000000E+00 0.000000E+00 0.818810E-02
U 233 0.000000E+00 0.000000E+00 0.563315E+01
U 234 0.000000E+00 0.000000E+00 0.563315E+01
U 238 0.000000E+00 0.000000E+00 0.563315E+01
Np 237 0.000000E+00 0.000000E+00 0.428599E+01
Pu 238 0.000000E+00 0.000000E+00 0.122183E+01
Pu 239 0.000000E+00 0.000000E+00 0.122183E+01
Pu 240 0.000000E+00 0.000000E+00 0.122183E+01
Pu 241 0.000000E+00 0.000000E+00 0.122183E+01
Pu 242 0.000000E+00 0.000000E+00 0.122183E+01
Pu 244 0.000000E+00 0.000000E+00 0.122183E+01
Am 241 0.000000E+00 0.000000E+00 0.358202E+00
Am 243 0.000000E+00 0.000000E+00 0.358202E+00
Cm 244 0.000000E+00 0.000000E+00 0.940592E-01
Cm 245 0.000000E+00 0.000000E+00 0.940592E-01
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