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FOREWORD

The original report issued in October 1979 contained an er- -

ror in the hypothetical 26 000 h constant power decay tables in-

cluded in Appendices B and C. The error was not present in ta-

bles supplied to the commission’s staff and did not affect the

commission’s conclusions. However, because holders of the report

may use the tables and draw incorrect conclusions, this report is

being reissued with revised, corrected tables for these two ap-

pendices.

The specific error was a failure to include 241Pu fission

products in the final tables made for reproduction In the re-

port. The effect is similar to having a decreasing core power

proportional to the build-up of 241Pu. A secondary effect arises

from the ftssion-p~oduct distribution of 241Pu that differs from

235u, 238u, and 239Pu.

The 26 000 h full core power calculation was made for poten-

tial use in detailed nuclide comparisons between a highly irradi-

ated fuel with the short TMI-2 core life. The decay power for

the equilibrium core comparisons contained in the main body of

the report did not have the 241Pu error.

Except for Tables B-XXV through B-XLVIII in Appendix B and

Tables C-XXX through C-LVIII in Appendix C and a new Appendix F,

this report is reproduced from the original mats.

Appendix F has been added to supply and expand on data re-

quested by the commission subsequent to the original report.

ix





TMI-2 DECAY POWER:
LASL FISSION-PRODUCT AND ACTINIDE DECAY POWER
CALCULATIONS FOR THE PRESIDENT’S COMMISSION

ON THE ACCIDENT AT THREE MILE IS~

(REVISED)

by

T. R. England and W. B. Wilson

ABSTRACT

Fission–product and actinide decay heating, gas content,
curies, and detailed contributions of the most important nu-
clide contributors were supplied in a series of letters fol-
lowing requests from the Presidential Commission on the
Accident at Three Mile Island. In addition, si~lar data as-
suming different irradiation (power) histories were requested
for purposes of comparison. This report consolidates the tab-
ular and graphical data supplied and explains its basis.

I. INTRODUCTION

Requests for estimated data on decay heating and radioactivity at the

Three Mile Island, Unit 2, (TMI-2) reactor following the incident on March

28, 1979 were received from the Presidential Commission on the TMI Accident.

Such data can now be very accurately calculated once the detailed power

history and other parameters specific to the reactor are known. The re-

quested data were supplied in a series of letters, including comparison

data for other power histories and reactor types.

This report consolidates the tabular

the Commission and describes the methods,

11. CONTENT OF REPORT

The general content

decay heating and curies

includes results

of the following

and graphical data supplied

codes, and libraries used.

to

for specffic requests on aggregate

nuclide groups.
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● All fission products.

.All actinides.

●All fission products plus actinides.

●A1l noble gases (all isotopes of Kr and xc).

●A1l halogens (all isotopes of Br and I).

●A specific set of nuclides consisting of all isotopes of the Br, I,

Te, Ru, Cs, Ba, and Sr elements.

In addition to these aggregate groups, the heating, content, curies,

etc., of the more important individual nuclides are listed in this report.

In all cases the beta, alpha and gamma components of the decay heating

are also given.

All data are supplied at 23 or more cooling times between 1 s and

50 OOOh (-5.7 y). Some survey data extend to 10
13

S (-3.2 X 105 y), and

the data for individual nuclides at the instant of reactor shutdown are also

given.

For comparison purposes, similar data are listed for: a) an equilib-

rium fuel exposure at the full rated core power [2772 MW(t)]; b) detailed

nuclide data subsequent to a long (26 000 h), constant power period, c) ag-

gregate data for a series of irradiation times and cooling intervals be-
13

tween 1 and 10 s, and d) comparisons of three generic light water reactors.

AZZ of the ~esultsspecificto TMI-2 are basedon a detai~edpower

?n%i%qjde8cribed%nSec. VI.

The main body of this report describes the TMI-2 power history, codes,

methods, and the data base used in generating all final results and includes

tabular and graphical values for the various aggregate results. Appendices

include the detailed nuclide values of the largest contributors.,noble gases,

halogens, survey calculations for three generic reactor types, and other

related data. In particular:

Appendix A contains information on the new (1978) ANS 5.1 Decay Power
Standard. The standard was used where pertinent, as explained in a
later section. Appendix A is therefore included for completeness and
for the convenience of the reader.

Appendix B contains listings of individual contributors at each cooling
time to the beta, gamma, beta + gamna (i.e., total fission-product)
heating end curies for all fission products that contribute >0.5% to
the total of any one of these four quantities. Densities are also
Ilsted. Values for TMI-2, and also for the same reactor assuming it
had operated at a constant power for 26 000 hours prior to shutdown,
are listed at the Instant of shutdown and at 23 cooling intervals.



Appendix C contains listings of each significant noble gas and halogen
for the same cases and cooling times in Appendix B. Except for general
data preceding and following each time step table, values are listed
as fractions of all fission-product values (not fractional gas values).
The individual r~oactive gases are listed~t contribute >0.01% of
the beta, gamma, or beta 1-gamma contribution to the total gas values,
but all values listed for aggregate gas summations include all gases.
Here, the isotopes of Br and I are halogens and Kr and Xe are noble
gases (>90 isotopes). Summary tables and graphs are included.

Appendix D contains aggregate actinide and fission-product decay heating
for 11 constant irradiation (power) times and for cooling times be-

13
tween 1 s and 10 S (-3.2 X 105 y). These data apply to a TMI-2 type
of reactor operated for the assumed irradiation periods. Heating values
are given as fractions of total core power prior to shutdown. Detailed
considerations of the temporal parameters of actinide and fission-product
decay power are also discussed.

Appendix E includes graphical comparisons from a recent study of three
generic types of light water reactors (LWR~S), including both actinide
and fission-product data for different irradiation periods for the most
common reactor type which is similar to TM’I-2.

111. DECAY SPECTRA

With the assistance of R. J. LaBauve of LASL, twelve-group beta and

gamma spectra from total, volatile and non-volatile fission products for

use in NRC calculations of water radiolysis were calculated. These results

were supplied to NRC, EPRI, and later to the Presidential Commission.

All calculations were based on an assumed 88 day constant power oper-

ation prior to shutdown, a simple history used before a more detailed know-

ledge of the actual time dependence was known, but one that is sufficient

for use in calculations of

in a later section of this

not specifically requested

report.

spectra. (An accurate power history is described

report.) These results are availablel but were

by the Commission and are not included in this

n?. COMMENT ON UNCERTAINTIES AND HEAT SOURCES

The aggregate (total) fission-product heating listed in the main body

of this report has a lcsuncertainty of only 2 to 5%, depending on the cool-

ing time. For cooling timesS20 hours this uncertainty is well supported

by recent benchmark experiments and summation calculations. In fact, this

uncertainty is probably conservative for the cooling range of 1-105 s,

important to a loss-of-coolant accident (LOCA). For longer cooling times

3



the small uncertainty still applies, but the heating rate is affected by

neutron absorption in the fission products prior to shutdown; however, we

believe we have accurately accounted for this effect specific to TMI-2.

There is no estimated uncertainty for actinide heating. This is be-

lieved to be very small at short cooling times, and is extremely unlikqly

to significantly affect the uncertainty in total (fission-product-t-actinide)

heating for the cooling intervals specific to TMI-2 listed in this report.

The TMI-2 power level prior to the incident would alter the initial total

fission-product heating in direct proportion to the ratio of the actual frac-

tion of rated power to the value (0.9739) used in this report for the final

20 days of operation. We have not included a power level uncertainty; as

noted in a later section there is no reason to suspect the power level is

significantly different from the value used in this report. (In this re-

spect, the reader should note that the equilibrium case included for com-

parison was based on the full rated TMI-2 power; the fission-product heating

from TMI-2 would be increased by -2.7% had the reactor been operating at full

power for a few hours prior to the incident.)

Uncertainties in individual nuclides depend on the quality of their

specific data. This can be large for very short-lived nuclides but should

be small for long-lived nuclides.

l?zekri%ng data in thisreportassumesaZZ nuc~<desare reta%ned~n

tie fueZ and ZistedvaZuesofdecay ene~gyrateshMJ?app@ to the total

core. W?iere there 3s

uiZZ greatZy decrease

hours the noble gases

total fission-product

a breach in czadding the escape of voZati2eproducts

tlw heatingrates. For example, between 1 s and 20

and halogens together account for 22 to 28??of the

heating. Most of these products presumably escape

in the absence of cladding. In addition other volatile products and the

subsequent progeny of all gases and volatile nuclides escape.

AZZ duta in thi%reportappZy to productsy<eZckdh fiss<onOZIto aot-

hides initiaZZypresent%n the fueZ or generatedbyneutronabsorptionin

tie fueZ. There are other sources of heat. For example, during the first

few cooling seconds, delayed neutrons will continue to cause fission and

this will increase the initial heat rate. After .20 seconds the fission

products should dominate the heating, but we have not actually estimated the

specific heating from delayed neutron fission for TMI-2. The Zr-H20 re-

action is exothermic, and coolant pumping also supplies heat. There are

4



minor heat sources from structural material and impurities. Except for the

Zr-H20 reaction, which can occur in specific regions of the core, and the

initial heating due to delayed neutrons, the heating rates in this report

are the major heat sources during the first few hours of cooling and are

the only significant heat sources once the coolant pumps are shutdown.

It is probable that decay heating can now be calculated as accurately

as any reactor parameter, and more accurately than most parameters. This

report benefits from intensive and extensive efforts begun in 1973 to

improve and expand nuclide data in the Evaluated Nuclear Data Files ENDF/B-

IV, supported by the U. S. Department of Energy (DOE), and from benchmark

decay heat experiments at LASL, ORNL, IRT and UC(B), funded by the Nuclear

Regulatory Commission (NRC) and the Electric Power Research Institute (EPRI).

A concomitant effort to combine all data into a new ANS decay power stanaard

w’asalso initiated in 1975 and the result is also used in this report. Many

people, including the authors9 Participated in these efforts. The specific

use of these data are defined in more detail in the next section.

v. CALCULATIONAL BASES

A. CINDER and Auxiliary Codes and Libraries

The CINDER-10 (an improved version of CINDER-72) and EPRI-CINDER3 fission-

product and actinide buildup and depletion codes were used to generate most

of the decay heating values and all related individual nuclide decay data

in this report. These two codes are similar in basic types of output but

differ in their range of applicability, in part, due to their nuclide data

libraries. For completeness the essential differences are noted here, but

the remainder of the text will simply refer to the CINDER Code except where

a distinction is necessary.

CINDER-10: This is the latest version of CINDER and it utilizes a
complete library of fission products-825 nuclides. This version is
used for all calculations of individual fission-product contributions,
noble gases, halogens, etc., and the results are applicable at all cool-
ing times, including values at the instant of reactor shutdown. It
could have been used for all fission product calculations in this re-
port but its massive library is unnecessary at long cooling times. In
addition, the extensive library of actinide data has not been put into
a format suitable for CINDER-10.

EPRI-CINDER: This version contains a 47-nuclide actinide library and
fission products suitable for long cooling times and absorption cal-
culations. Those fission products having half-lives >4 hours and

5



those shorter lived nuclides in transient equilibrium with long lived
parents are included. The library is suitable for fission-productdecay
heat calculations for cooling times > 20 hours. In addition, exposure-
dependent, self-shielded cross sections are used in this version - impor-
tant for long-lived reactors. CINDER-10 and EPRI-CINDER fission-product
decay heating agree within -1% for decay times > 20 hours. This version
was used for all actinide calculations, and for some of the aggregate fis-
sion-product decay heating for cooling times > 20 hours. The information
on @ and y heating at shorter times, all data on individual fission pro-
ducts at all times and other aggregate groupings were calculated using
CINDER-10.

Libraries for both codes are derived from processed ENDF/B-IV
4-6

data

for the fission products,* and from preliminary ENDF/B-V for the actinides

except, as noted below, for actinide data derived from EPRI-CELL.7

Actinide data for -3 nuclides (not included in ENDF/B-V) were obtained from

other sources. The cross sections used are in four neutron energy groups.

TOAFEW CODE8: 154 multigroup cross sections, obtained using the NJOY9
processing code,are included in the TOAI’EWlibrary. This code col-
lapses the multigroup cross sections to the four group values used in
CINDER using a typical LWR spectrum. All fission-product cross sections
and cross sections of those actinides not obtained from EPRI-CELL were
obtained using TOAFEW.

EPRI-CELL Code7: !l%isproprietary code was used to obtain time-dependent
234U 235U 236U 238U 239PU

self-shielded cross sections for s 9 9 9 , 24%U,

and 241Am. It was also used to obtain ratios of the first three energy
group fluxes to the thermal flux. The values were based on existing
EPRI-CELL calculations for a PWR fuel that is neutronically very similar
to that of TMI-2.

The validity of summation code calculations using ENDF/B-IV data is

extensively discussed in Refs. 10 and 11; both reports contain extensive

references to recent research on decay heat.

Additional required input to CINDER is the TMI-2

initial fuel content. The power history is discussed

content of fuel is based on the specifications in the

power history and

in Sec. VI. The initial

TMI-2 FSAR (Final Safety

*
Only the branching ratio of

133X to 133m
Xe deviates from the summary

data in Ref. 5 - from ENDF/B-IV. A more recent evaluation of this import-
ant parameter indicates it should be -3% and this change has been reported

to provide good agreement with measured
133

Xe content in the T’MI-2
coolant water.

6



Analysis Report).

B. ANS 5.1 Decay Power Standard
12

An extensive effort to produce a new decay heat standard for light

water reactors was initiated in 1975 and essentially completed in its tech-

nical content 1978. At this time (August 1979) the standard has not y~t

been widely distributed; for completenessthe primary data is included in Appen-

dix A.

The new standard is based on a joint LASL and HEDL analysis that combines

several recent benchmark experiments and calculations, as described in

Refs. 10 and 11. Reference 13 also describes the new standard and its past

history. In general for times <105 s the standard is a combination of
235calculations using the ENDF/B data in Ref. 4 and experiments for U and

239PU. The results of all of the experiments are of high quality, obtained

since 1975 at LASL, ORNL, IRT, UC(B) and in France (F-A-R). For longer
238

times, and at all times for U, the standard results entirely from CINDER-10

code calculations using ENDF/B-IV data. The analysis combines all data into

an equivalent pulse furlctionwhich was chosen to be a linear sum of.exponen-

tial,

23

z

-Ait
f(t) = Clie MeV/Fiss-s .

i=l

(1)

This can be folded into any power history that can be, e.g., represented as

a series of histograms. For example, for a single fuel at a constant fis-

sion rate for a time T seconds, the energy release rate at cooling time t

seconds, normalized to the fission rate is

23

F(t,T) =
z

-A t -~ T
aiei(lei
r ) MeV/Fiss . (2)

Similar expressions can be used for determining the uncertainties.

In an operating reactor there is a mixture of fuels that vary with

time and generally a variable power history. For this, Eq. 1 is, essentially,

7



multiplied by the fission rate for each fuel and integrated to produce the

heating in the units of MeV/s; the latter units are readily converted to,

e.g., MW. The a, A coefficients for ea~ fuel are listed in Appendix A.

Pulse functions do not account for neutron absorption. This is a

function of each specific reactor design and its power history. For cool-

ing times <104 s the absorption effect is small - typically, the heating in-

crease is .1%, and is at most upwards of-6% (for long irradiation times at

<104 s of cooling). For longer cooling times the effect can be very large.

The new standard incorporates an empirical expression for absorption based

on burnup for times t <104 s and an upper bound value based on CINDER-10

calculations for longer times (the upper bound can also be used as an option

at all times). The upper bound value is derived from two CINDER-10 calcu-

lations with and without absorption for an unrealistically long irradiation

time and high flux level.

It h hpoPtit to note thatcaZcuZat40nsfor TMI-2and othP com-

padson cases {n Ws Peportdo use the upperboundabsoqx%on correc-

tion,exceptwhere%ndicated%n the tabk, and thenonl?yfop times<20 hours.

!l%eabsoz@ion effect%s hpl?<&t in the CINDER-ZOoutputat aZZ cooZhg

t%mes;some cd?culationsusing the stantkzrddo use the upperboundcorrec- .

t-ionin some cases,as spec%j%callynotedin the tabZes,and onZy for cooZ-

%ng times <20 houzwwhere the wrreei%on %s smalZ.

For aggregate flfssion.productheatiQg at ttmes t <20 hours, the new

standard should be superior to calculations using CINDER or any other sum-

mation code. We have therefore used the standard for the aggregate heating
14 in

during this interval where possible. For this, a code, DKPOWR, -

corporating the pulse functions is used. Fission rates vs time from each

fuel, as calculated by CINDER, are necessary input for the DKPOWR code.

For accuracy at longer cooling times, and for all cooling times requiring

individual nuclide contributions, a, 6, and y heating components and special

sets of nuclides such as noble gases or actinides, it is necessary to use the

results of CINDER calculations. Most of the results in this report are there-

fore calculated using CINDER and the data libraries described previously, but

the new standard is used where possible and where it would improve the accuracy

of gross fission-productheating.

8



C. TMI-2 Reference Parameters

The following miscellaneous parameters were obtained or derived from

the FSAR of TMI-2. These are included for completeness;only the derived

initial fuel atoms from these data and rated thermal power are important to

this report.

tions

which

RATED POWER (MWt) = 2772.

AVERAGE ENRICHMENT (Wt % of
235

U) = 2.57.

FUEL WEIGHT OF U02 (lbs) = 204,820.

TOTAL MASS OF U (Kg) = 82057.2.

FULL POWER DENSITY (KW/Kg) = 33.8.

SPECIFIC RATED POWER (W/cm3) = 280.75.

GROSS POWER RATING (MWe) = 961.

NET DESIGN RATING (MWe) = 906.

The neutron spectrum used in collapsing the 154 multigroup cross sec-

to four groups for the fission products is described in Refs. 3 and 8,

also lists the cross sections. Cross sections of the actinides are

not listed. The dominate actinides have exposure-dependent cross sections

as described previously; the remainder were derived using the same spectrum

as for the fission products.

Another parameter required by CINDER is the average recoverable energy

per fission. This value varies with fissioning nuclides from 202.64 MeV

(235U) to 213.44 WV (24%1) for thermal reactor spectra. Values for several

fissionable nuclides at thermal, fast and 14 MeV fission energies are listed

in Table D-XII of Appendix D. For TMI-2, the average value used in CINDER

was 3.261181 x 10’11 joules, or 203.56 MeV. This parameter, along with

actinide densities, specified TMI-2 power levels and the flux ratios derived

from EPRI-CELL calculations determine the four-group neutron flux levels and

hence the fuel depletion and fission rates in the core. (For reference the

average ratio of the resonance region group flux to the thermal values is

-1.48. This applies over the range of 0.625 - 5530 eV. The higher energy

fluxes are not as significant as the thermal and resonance region values.)

VI. TMI-2 POWER HISTORY

The monthly MetrOpOlit~ Edison reports to the Nuclear Regulatory Com-

mission (NRC) were used to obtain an accurate approximation to the detailed

TMI-2 power history. For use in calculating decay heating an important



aspect of this history is the nearly constant power during the final 20 days

prior to the incident on March 28, 1979; the gross electrical output shows

a daily variation of no more than -1.3% during this period. The thermal

energy produced is -20.4% of the total. In addition, most (-52.5%) of the

total thermal energy [-6400231 MWh(t)] was produced between February 1 and

March 28 with only a brief shutdown period on March 6. The earlier power

history is highly variable. Precise levels cannot be determined from the

limited detail of the monthly reports, but precision in the earlier time

variation of the history is not needed for accurate calculations; rather,

it is important to reproduce the total thermal energy, particularly for

actinide buildup calculations. While only the net electrical power is

reported daily, the needed thermal energy is reported by month. For this

report we have used the daily electrical power to proportion and preserve

the accumulated monthly value.

The resulting power history is described in Table I and Fig. 1. It

is unlikely that any two people would infer precisely the same history from

the monthly reports. For calculations in this report, and probably for any

other study, this history is certainly adequate. Based on the rated thermal

power of 2772 MW, the effective full power days of operation for this

history iS 96.2. (Some earlier LASL studies used 88 days, and the authors

have seen some correspondence using -52 and -94 days.)

The fission rates by fuel type calculated with the CINDER code for this

power history are listed in Table 11; these are required for aggregate fis-

sion-product heating calculations with the DKPOWR Code, using the ANS 5.1

pulse functions, as previously described.

The reader should note that during the final 20 days of operation,
239PU accomts for

- 10% of the core power (fission rate) and - 6.6% over

239Pu fractional conthe short life of l’Ml-2. For longer lifetimes the
24

tribution to core power continues to increase, as does that from J-PU:

The importance of this observation is apparent from Fig. A-3 in Appendix A:
239

the heating from Pu fission products is significantly smaller than that

from 235U at short cooling times important to LOCA. Therefore, other factors

aside, the early decay heat rates would decrease for longer lived reactors.

This will be apparent in the survey calculations for different irradiation times

noted in Sec. VII and Appendix D of this report.
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Period

1
2
3
4
5

6
7
8
9

10

11
12
13
14
15

16
17
18
19
20

‘1
TABLE I

CINDER HISTOGMM CORE POWER HISTORY
THREE MILE ISLAND, UNIT 2

Start
Time/date

0300/4-21-78
1700/4-23-78
2030/9-17-78
0000/10-1-78
1400/10-5-78

0000/10-13-78
0500/10-28-78
1400/11-1-78
0000/11-4-78
0230/11-5-78

0530/11-7-78
1800/12-3-78
0200/12-16-78
0700/12-22-78
0000/1-1-79,

0800/1-14-79
1440/1-31-79
0000/2-1-79
0000/3-1-79
1545/3-6-79

0815/3-7-79
0000/3-8-79

End
Time/date

1700/4-23-78
2030/9-17-78
2400/9-30-78
1400/10-5-78
2400/10-12-78

0500/10-28-78
1400/11-1-78
2400/11-3-78
0230/11-5-78
0530/11-7-78

1800/12-3-78
0200/12-16-78
0700/12-22-78
2400/12-31-78
0800/1-14-79

1440/1-31-79
2400/1-31-79
2400/2-28-79
1545/3-6-79
0815/3-7-79

2400/3-7-79
0400/3-28-79

_&-_
62.0

3531.5
315.5
110.0
178.0

365.0
105.0

58.0
26.5
51.0

636.5
296.0
149.0
233.0
320.0

414.67
9.33

672.0
135.75

16.5

15.75
484.0

Elapsed

~

62.0
3593.5
3909.0
4019.0
4197.0

4562.0
4667.0
4725.0
4751.5
4802.5

5439.0
5735.0
5884.0
6117.0
6437.0

6851.67
6861.0
7533.0
7668.75
7685.25

7701.0
8185.0

Ave. Power
Mw(th)

611.6
0.0

524.52
1109.0

0.0

1488.94
0.0

2397.8
0.0

2034.1

210!:g9
0.0

2467.3
2281.8

3:::
2462.14
2743.5

0.0

1697.6
2699.704
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TIME STEP

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

TIME INTERVAL
HOURS

62.0
3531.5
315.5
110.0
178.0
365.0
105.0
58.0
26.5
51.0
636.5
296.0
149.0
233.0
320.0
414.67
9.33

672.0
135.75
165.0
1.5.75
484.0

TAELE II

TMI-2 FISSIONRATES
(AVERAGEVALUESPER Tm INTERVAL)a

235U

1.77+19b
o

1.51+19
3.18+19

o
4.24+19

o
6.76+19

o
5.72+19

o
5.86+19

o
6.77+19
6.19+19

o
8.94+17
6.47+19
7.07+19

o
4.35+19
6.83+19

%aluea apply to the totalcore.

bRead1.77+19as1.77x 1019.

NOTE:Accumulatedfleslooaare
235U = 6.1714+ 26

239pu= 4.6787+ 25

238U

1.14+18
o

9.65+17
1.98+18

o
2.66+18

o
4.27+18

o
3.67+18

o
3.78+18

o
4.43+18
4.10+18

o
5.97+16
4.52+18
5.05+18

o
3.12+18
4.96+18

FISSION16
239PU

2.77+15
o

4.14+6
1.77+17

o
6.02+17

o
1.55+18

o
1.45+18

o
2.06+18

o
3.38+18
3.97+18

o
7.04+16
6.15+18
8.29+18

o
5.36+18
9.43+18

245

7.81+8
o “

4.16+11
4.59+12

o
1.06+14

o
4.15+14

o
5.04+14

o
1.44+15

o
4.48+15
9.38+15

o
1.88+14
3.03+16
5.86+16

o
4.04+16
9.28+16

TOTAL

1.884+19

1.6%+19
3.4oot19

4.5L19
o

7.347+19
o

6.236+19
o

6.44+19
o

7.556+19
7.003+19

o
1.024+18
7.540+19
8.412+19

o
5.206+19
8.274+19

24%= 2.8248+23

SUM- 7.06087+26



VII. TMI-2 DECAY POWER AND COMPARISONS

In this section the tabular and graphical decay power data on aggregate

results supplied to the Commission are listed, including comparison data

for the equilibrium core and graphical comparisons of a series of requested

calculations for 11 irradiation times.

The results for each important nuclide, noble gas and halogen, other

information as previously described, and component tabular data for the 11

irradiation times are included in appendices.

All data for curies and decay heating in MW are average total core

values. All TMI-2 results are based on the power history in Table I and

Fig. 1.

A. TMI-2 Heating and Curies

TABLE 111 lists the decay power in MW from fission products and actinides,

Figure 2

Figure 3

~ABLE IV

including the beta, gamma and alpha components (there is no

significant alpha component from the fission products).

Total core decay power from actinides plus fission products

is plotted.

Total decay power from the actinides and fission products are

compared. (Appendix E shows similar comparisons for three

long lived generic reactors and Addendix D lists tabular

values for TMI.-2if operated for eleven irradiation times -

a graphical and tabular comparison of total values is included

further on in this section.

This is similer to Table 111 for decay power except noble gases.

halogens and a special set of nuclides are also listed. The

special group of nuclides, specifically requested by the Com-

mission Staff, consists of all isotopes of Br, 1, Te, Ru, Cs,

Ba, and Sr. (Gaseous data are plotted in Appendix C.)

~~, lists the total curies in all fission products, noble gases,

halogens and the special

with actinide curies and

B. Comparisons With Equilibrium Core

The equilibrium core calculation

set of

curies

traces

nuclides noted above along

in the total core.

the actinide and fission-product

decay power in each of three species of reactor fuel following shutdown at

the end of an equilibirum core period. The equilibrium core is assumed to

14



Cooling
Time
1.00+0s%
4.00+0s
1.00+1s
4.00+1s
1.00+2s

4.00+2s
1.00+3s
1.00+0h
2.00+0h
5.00+0h

1.00+1h
2.00t1h
5.00+1h
1.00+2h
2.00+2h

5.00+2h
1.00+3h
2.00+3h
5000+3h
1.00+0y

1.00+4h
2.00+4h
5.00+4h

CORR

Fiaafon-Product~
DecayPower,MN

Beta Gamma Total— . .
8.21+1 7.88+1 1.61+2
7.05+1 7.05+1 1.41+2
6.05+1 6.29+1 1.23+2
4.52+1 5.10+1 9.62+1
3.65+1 4.28+1 7.93+1

2.65+1 3.24+1 5.90+1
2.09+1 2.65+1 4.74+1
1.40+1 1.78+1 3.17+1
1.10+1 1.40+1 2.51+1
8.26+4 1.01+1 1.84+1

6.37+0 8.11+0 1.45+1
4.87+0 6.45+0 1.13+1
2.73+0 4.43+o 7.15+0
2.13+0 3.50+0 5.63+0
1.65+0 2.61+0 4.26+0

1.08+0 1.50+0 2.58+0
7.07-1 8.54-1 1.56+0
4.28-1 4.55-1 8.83-1
1.89-1 1.34-1 3.22-1
1.06-1 3.33-2 1.40-1

9.22-2 2.27-2 1.15-1
3.73-2 5.85-3 4.32-2
7.66-3 3.23-3 1.09-2

TA8LE III

DECAYPOWER-- THREEMILE ISLAND,UNIT 2

ActinideDecayPower,MWc
* lleta Gamma Total

~ 1.78+0
— .

6.83+0
3:54-4 5.04+0 1.78+0 6.82+0
3.54-4 5.04+0 1.78+0 6.81+0
3.54-4 4.99+0 1.77+0 6.76+0
3.54-4 4.90+0 1.76+0 6.66+0

3.54-4 4.48+0 1.70+0 6.19+0
3.54-4 3.82+0 1.61+0 5.43+0
3.55-4 2.41+0 1.42+0 3.83+0
3.55-4 1.94+0 1.35+0 3.29+0
3.55-4 1.78+0 1.29+0 3.07+0

3.56-4 1.68+0 1.21+0 2.89+0
3.58-4 1.48+0 1.07+0 2.56+0
3.61-4 1.03+0 7.43-1 1.77+0
3.64-4 5.60-1 4.04-1 9.65-1
3.66-4 1.67-1 1.21-1 2.88-1

3.66-4 S.46-3 4.11-3
3.64-4

9.94-3
1.75-4 1.45-4 6.84-4

3.61-4 6.92-6 2.01-6 3.69-4
3.55-4 4.60-6 1.03-7 3.60-4
3.52-4 4.52-6 1.17-7 3.57-4

3.52-4 4.49-6 1.21-7 3.57-4
3.56-4 4.29-6 1.60-7 3.60-4
3.75-4 3.76-6 2.66-7 3.80-4

TotalDecayPower,MW
Beta Gamma*___ Total
8.71+1 8.06+1 1.68+2

3:54-4 7.56+1 7.23+1 1.48+2
3.54-4
3.54-4
3.54-4

3.54-4
3.54-4
3.55-4
3.55-4
3.55-4

3.56-4
3.58-4
3.61-4
3.64-4
3.66-4

3.66-4
3.64-4
3.61-4
3.55-4
3.52-4

3.52-4
3.56-4
3*75-4

6.55+1
5.02+1
4.14+1

3.10+1
2.47+1
1.64+1
1.30+1
1.00+1

8.05+0
6.35+0
3.76+0
2.69+0
1.82+0

1.09+0
7.08-1
4.28-1
1.89-1
1.06-1

9.22-2
3.73-2
7.66-3

aReadasl.OOxlOOseconds.
b
Fission-producttotaldecaypowervalueswere calculatedwith the DKPOWRcode for cooling
timest < 20 h, using the fissionpulsefunctionsand upper-boundabsorptioncorrection
Gmax of the recentANS Standard5.1, “DecayHeat Power in LightWater Reactora.” The beta
and gammacomponentsof fission-productdecaypowerwere obtainedusingbeta and gammadecay
powerfractionscalculatedwith CINDER-10(fort < 20 h) and EPRI-CINDER(fort > 20 h).
All fission-productdecaypowerquantitiesfor t >20 h were calculatedwith EPRI-CINDER.

6.47+1
5.27+1
4.46+1

3.41+1
2.81+1
1.92+1
1.54+1
1.14+1

9.32+0
7.52+0
5.17+0
3.90+0
2.73+0

1.50+0
8.54-1
4.55-1
1.34-1
3.33-2

2.27-2
5.85-3
3.23-3

1.30+2
1.03+2
8.60+1

6.52+1
5.28+1
3.56+1
2.84+1
2.14+1

1.74+1
1.39+1
8.93ti
6.59+0
4.55+0

2.59+0
1.56+0
8.83-1
3.23-1
1.40-1

1.15-1
4.35-2
1.13-2

cActinidealpha,beta, gamma,and totaldecaypowervaluesare from tandemEPRI-CELL/EPRI-
CINDERcalculation.
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TABLE IV

DECAYNEAT SOURCESIN TM-2
TOTALCOREVALUESIN MU VS COOLINGTIMEa---

COOLING
TIME

1.00+0s
4.00+08
1.00+ 1 s
4.00+1s
1.00+ 2 s

4.00+2 s
1.00+ 3 s
1.00+ O h
2.00+ O h
5.00+0h

1.00+ 1 h
2.00+ 1 h
5.00+1h
1.00+ 2 h
2.00+2h

5.00+ 2 h
1.00+ 3 h
2.00+3h
5.00+ 3 h
1.00+ o y

1.00+ 4 h
2.00+ 4 h
5.00+ 4 h

NOBLEGAS
(Kr+ Xe)

1.39+ lC
1.25+ 1
1.12+ 1
8.49+ o
6.59+ O

4.11+ o
2.78+ O
1.71+0
1.30+0
7.85- 1

5.01- 1
3.32- 1
1.75- 1
1.18- 1
6.85- 2

1.35- 2
1.08- 3
1.55- 4
1.40- 4
1.36- 4

1.35- 4
1.25-4
1.00- 4

NALOGENS
(I+ Br)

1.88+ 1
1.70+ 1
1.52+ 1
1.20+ 1
9.82+ O

8.02+ O
7.69+ O
6.65+ O
5.42+ O
3.70+0

2.94+ O
2.25+ O
1.43+ o
8.66- 1
3,89- 1

5.66- 2
6.40- 3
1.70- 4
3.83- 9
1.38- 10

.0
-0
-0

NOBLEGAS
+

NMOGENS

3.27+ 1
2.95+ 1
2.64+ 1
2.05+ 1
1.64+ 1

1.21+ 1
1.05+ 1
8.37+ O
6.72+ O
4.48+ O

3.44+ o
2.59+ O
1.60+ O
9.85- 1
4.57- 1

7.01- 2
7.48- 3
3.25- 4
1.40- 4
1.36- 4

1.35- 4
1.25-4
1.00-4

LASL - 7179

SPECIALb
SET

5.53+ 1
5.03+ 1
4.55+ 1
3.63+ 1
2.99+ 1

2.32+ 1
1.97+ 1
1.36+ 1
1.01+ 1
6.68+ o

5.23+ O
4.03+ o
2,71+0
1.88+ o
1.19+ o

6.01- 1
3.48- 1
1.66 - 1
3.66- 2
1.48- 2

1.29- 2
7.63-3
4.74- 3

ALL
FISSIONPRODUCTS

1.61+ 2
1.41+ 2
1.23+ 2
9.62+ 1
7.93+ 1

5.90+ 1
b.74+ 1
3.17+ 1
2.51+ 1
1.84+ 1

1.45+ 1
1.13+ 1
7.15+ o
5.63+0
4.26+ O

2.58+ O
1.56+ O
8.83- 1
3.22- 1
1.40- 1

1.15- 1
4.32- 2
1.09- 2

ACTINIDES

6.83+ O
6.82+ O
6.81+ o
6.76+ O
6.66+ o

6.19+ O
5.48-I-Q
3.83+ O
3.29+ O
3.07+ o

2.89+ O
2.56+ O
1.77+ o
9.65- 1
2.88- 1

9.94- 3
6.84- 4
3.69- 4
3.60- 4
3.57- 4

3.57- 4
3.60- 4
3.80- 4

ACTINIDES
+

FISSIONPRODUCTS

1.68+ 2
1.48+ 2
1.30+ 2
1.03+ 2
8.60+ 1

6.52+ 1
5.28+1
3.56+ 1
2.84+ 1
2.14+ 1

1.74+ 1
1.39+ 1
8.93+ O
6.59+ O
4.55+ o

2.59+ O
1.56+ O
8.83- 1
3.23- 1
1.40- 1

1.15- 1
4.35- 2
1.13- 2

~he last threecolumnewere includedin TableIII providesthe a, $, andy componentsfor thesethreecolumns.
‘Specialeet includesall ha ogens (Brand I) plus requestedTe, Ru, Cs, Ba, end Sr nuclides.

1%eadl.39+les 1.39x10+ , etc.
NOTE ON METHODOF DATA GENERATION:
1. Actinfdeheatingcomputedwith EPRI-CINDERcode.
2. Fissionproductheatinguses pulsefunctionsfromnew ANS 5.1 decayheat .stsodardup to 20 h0ur8,including

correctionsfor absorptionusingCINDER-10. EPRI-CINDERused for longertimesto get accurateeffectof
absorptionon heating(CINDER-1Oand EPRI-CINDERagreewithin-1.%).

3. Noblegas,halogenaand epecialeet columnsgenaratedby CINDER-10.
NOTE: See AppendixC for graphicalploteof gas fractionsand detailedcontributionsof eachnoblegee and halogen.



COOLING
SEC

.

i
1.0+ 1
4.0+ 1.
1.0+ 2
4.0 + 2
1.0 + 3
3.6+3
7.2+ 3
1.8+ 4
3.6+ 4
7.2+4
1.8+5
3.6+ 5
7.2+ 5
1.8+ 6
3.6+ 6
7.2+6
1.,8+7

3.1536+ 7
3.6+ 7
7.2+ 7
1.8+8

TINE
HOURS

2.78- 4=
1.11- 3
2.78- 3
1.11- 2
2.78- 2
1.11- 1
2.78 - 1
1.0
2.0
5.0
10.O
20.0
50.0
100.0
200.0
500.0
1000.0
2000.0
5000.0

‘1’ABLEV

CURIESIN TMI-2
TOTALCOREVALUESVS COOLINGTIMEa

[CINDERCALCULATIONS(LASL)]

ALL
FISSIONPRODUCTS

1.19+ 10
1.11+ 10
1.03+ 10
8.80+9
7.78+ 9
6.40+ 9
5.52+ 9
4.25+ 9
3.69+ 9
3,06+ 9
2.59+ 9
2.13+9
1,60+ 9
1.26+ 9
9.57+ 8
6.07+ 8
3.95+ 8
2.30+ 8
7.94+ 7

8760.0(1 yr) 3.55+ 7
10000.0 2.98+ 7
20000.0 1.26+ 7
5000000 4.10+ 6

7/79

NOBLEGAS
~

1.14+ 9
1.o6+ 9
9.87+ 8
8.23+ 8
7.03+ 8
5.34+ 8
4.33+ 8
3.44+ 8
3.11+ 8
2.68+ 8
2.36+ 8
2.00+ 8
1.44+ 8
1.08+ 8
6.28+ 7
1.24+ 7
9,66+ 5
1.07+5
9.32+ 4
9.06+ 4
8.98+ 4
8.34+ 4
6.69+4

SPECIALSETb

4,42+ 9
4.18+ 9
3.94+ 9
3.44+ 9
3.08+ 9
2.61+ 9
2,28+9
1.75+ 9
1.46+ 9
1.15+ 9
9.83+ 8
8.25+ 8
6.28+ 8
4.94+ 8
3.75+ 8
2.39+ 8
1.50+ 8
7.86+ 7
2.59+ 7
1.45+ 7
1.29+ 7
6.18+ 6
2.41+ 6

RALOGENS

~

1.11+ 9
1.05+ 9
1.00+ 9
8.49+ 8
7.54+ 8
6.63+ 8
6.39+ 8
5,77+ 8
5.03+ 8
3.87+ 8
3.16+8
2.42+ 8
1.49+ 8
9.27+ 8
4.93+ 7
1.21+ 7
1.83+ 6
4.99+4
1,2/,+ o
1.92- 1
1.92- 1
1.92- 1
1.92- 1

ACTINIDES

2.61+ 9
2.61+ 9
2.60+ 9
2,58+ 9
2,55+9
2.38+ 9
2.11+ 9
1.52+ 9
1.32+ 9
1.24+ 9
1.17+9
1.03+ 9
7.18+ 8
3.91+ 8
1.18+ 8
4.37+ 6
3.22+ 5
1.54+ 5
1.49+ 5
1.47+ 5
1.46+ 5
1.39+5
1.20+ 5

aCINDER-10calculationsfor fissionproducts,EPRI-CINDERfor actinides.

b
Specialset includesall halogens(Br end 1) plus requestedTe, Ru, CS, Ba, and Sr nuclides.

TOTAL
ACTINH)ES

+
FP

1.45+ 10
1.36+ 10
1.29+ 10
1.14+ 10
1.03+ 10
8.78+9
7.63+ 9
5.77+9
5.01+ 9
4.30+ 9
3.76+ 9
3.16+ 9
2.32+ 9
1.65+ 9
1.08+ 9
6.11+ 8
3.95+8
2.3o+ 8
7.95i-7
3.56+ 7
2.99+ 7
1.27+ 7
4.22+ 7

cRead2.78- 4 as 2.78x 10-4,etc.

NOTE: See AppendixC for graphicalplotsof gss fractionsand detailedcontributionsof each
noblegas and halogen.



235
consist of equal fuel volumes of 2.96 Vt% U reload fuel irradiated

for one, two, and three years. Specifically, the three regions consist of

a) 1/3 of the core irradiated for the last 330 days prior to shutdown,

b) 1/3 irradiated for 330 days, shutdown for 35 days,

irradiation for the final 330 days,

c) 1/3 of the core having two 330 day irradiation and

periods prior to the final 330 day irradiation.

and then

35 day shutdown

The core was assumed to operate at the full thermal power of 2772 MW

for the equilibrium calculations. The specific core power density was main-

tained at 33.8 KN/Kg (based on original loading) during the powered intervals.

The equilibium-core discharge fuel thus has an exposure of 33.462 GWd/t.

TAELE VI shows the actinide, fission product and total heating for each

fuel cycle and the total core values.

TABLE VII shows the comparisons to TMI-11 with the total equilibriumcore.

Figure A shows the graphical comparison of the total core data in Table

VII.

The reader may prefer to normalize the TMI-2 and

values to their respective power levels of 2699.7 and

the decay fraction of the power prior to shutdown for

equilibrium core

2722 MW. In this case

the equilibrium core

is smaller than that of TMI-2 for the first 100 s of cooling; the absolute

value without normalization is the smaller for the first 40 s. The primary
239

reason for this behavior is smaller heating from Pu products than from
235

U, discussed in an earlier section and in Appendix A.

C. Decay Power Fractions vs Irradiation Time

Appendix D contains detailed tabular data for fission-product and

actinide heating for 11 constant irradiation (power) periods and cooling
● 9 c

times between 1 and 10’2

TMI-2 core power of 2772

Table VIII and Fig.

heating cases normalized

S (-3.2X 102 y). All results are based on a full

MW, and details are noted in the Appendix.

5 show a graphical comparison of all total core

to the total corepower prior to shutdown, It is

interesting

ceeding all

value.)

that the one-month irradiation shows an initial net value ex-

other cases. (It also exceeds the initial TMI-2 fractional

D. Comparisons of Generic Light Water Reactors

Appendix E shows graphical comparisons for three types of light water

reactors. One is similar to TMI-2 and is included with more than one

20



TA8LE VI

TBREEMILE ISLANDUNIT 2 EQUILIBRIUMCORE
ACTINIDEAND FISSION-PRODUCTDECAYPOWER

ONE-CYCLEFUEL
Act. F.P. Total

TWO-CYCLEFUEL THREE-CYCLEFUEL
Act. F.P. Total Act. F.P. Total

TOTAL
Act. F

mmm

8.11+0 1
8.11+0 1
8.09t0 1
8.03+0 9
7.91+0 7

Cooling
Time

1.00+0ea
4.00+0s
1.00+1e
4,00+1s
1.00+2e

4.00+2s
1.00+3e
1.00t0h
2.00+0h
5.00t0h

1.00t1h
2.00+1h
5,00+1h
1.00+2h
2.00+2h

5.00+2h
1.00+3h
2.00+3h
5.00+3h
l,ootoy

1.00+4h
2,00+4h
5.00+4h

A!!L

2,41+ob
2,41+0
2.41+0
2.39+0
2.35+0

2.19+0
1.92+0
1.36+0
1.17+0
l,loto

A&L

5.34+1C
4.70+1
4.13+1
3.25+1
2*70+1

2.03+1
1.64+1
1.11+1
8.91+0
6.74+0

_Q!!iL

5.58=+1
4.94+1
4.37+1
3.49+1
2.94+1

2.25+1
1.83+1
1.25+1
l.O1+l
7.84+0

6,51+0
5,36+0
3,64+0
2.81+0
2.07+0

1.33+0
8.98-1
5.70-1
2.47-1
1.29-1

1,10-1
4.69-2
1.32-2

4!Q-A!!LJ!!EL 4h!LA&!L_Q@_

3.03+ob5.01+lC5.31+1
3.03+0 4.42+1 4.72+1
3.02+0 3.90+1 4.20tl
3.00+0 3.09+1 3.39+1
2.96+0 2.58+1 2.88+1

2.67+Ob5.13+1C5.40+1
2.67+0 4.52+1 4.79+1
2.66+0 3.98+1 4.25+1
2.64+0 3.15+1 3.41+1
2.60t0 2.62+1 2.88+1

2.42+0 1.98+1 2.22+1
2.14+0 1.60+1 1.81+1
1.53+0 1.08+1 1.23+1
1.32+0 8.73+0 1.01+1
1.23+0 6.65+0 7.88+0

2.76+0 1.95+1 2.23+1
2.44+0 1.58+1 1.82+1
1.76+0 1.07+1 1.25+1
1.53+0 8.61+0 1.01+1
1.43+0 6.60+0 8.03+0

7.37+0 5
6.50+0 4
4.65+0 3
4.02+0 2
3076+0 2

1.03+0
9.13-1
6.36-1
3.49-1
1.08-1

5.48+0
4.45+0
3.01+0
2.46+0
1.96+0

1.16+0 5.47+0 6.63+0
1.03+0 4.48+0 5.51+0
7.22-1 3.10+0 3.82+0
4.05-1 2.56+0 2.96+0
1.38-1 2.05+0 2.19-!-0

1.34+0 5.45+0 6.79+0
1.19+0 4.48+0 5.67+0
8.47-1 3.19+0 4.04+0
4.90-1 2.64+0 3.13+0
1.89-1 2.13+0 2.31+0

3.53+0 1
3.13+0 1
2.21+0 9
1.24+0 7
4.35-1 6

6.53-3
1.98-3
1.53-3
9.60-4
8.48-4

1.32+0
8.96-1
5.69-1
2.46-1
1.28-1

2.32-2 1.41+0 1.44+0
1.60-2 9.94-1 1.01+0
1.34-2 6.68-1 6.82-1
8.64-3 3.36-1 3,45-1
5.40-3 2.00-1 2.06-1

5.67-2
4.57-2
3.87-2
2.50-2
1.55-2

1.48+0
1.06+0
7.38-1
4.05-1
2.58-1

1.54+0
1.11+0
7.77-1
4.30-1
2.74-1

8.64-2 4
6.37-2 2
5.36-2 1
3.46-2 9
2.17-2 5

7.94-4
6.34-4
7,06-4

1.10-1
4.63-2
1.25-2

4.73-3 1.77-1 1.81-1
2.53-3 8.25-2 8.51-2
2.36-3 2.50-2 2.73-2

1.36-2
6.97-3
5.82-3

2.31-1
1.15-1
3.73-2

2.45-1
1.22-1
4.31-2

1.91-2 5
1.01-2 2
8.89-3 7

%ead as l.OOxlOOaeconde.

bActinidedecaypowervaluee

cFiseion-producttotaldecav

are frontandemEPRI-CELL/EPRI-CINDERcalculation.

powervalueawere calculatedwith the DKPOWRcode for cooling
timest < 20 h, usingthe fiaeionpuleafunctionsand upper-boundabsorptioncorrection
Gmax of the recentANS Standard5.1, “DecayHeat Powerin LightWaterReactors.” The beta
and gammacomponentsof fiaeion-productdecaypowerwere obtainedusingbeta and gammadecay
powerfractionscalculatedwith CINDER-10(fort < 20 h) and EPRI-CINDER(fort z 20 h).
All fieeion-productdecaypowerquantitiesfor t > 20 h were calculatedwith EPRI-CINDER.



TABLE VII

COMPARISON OF CALCULATED DECAY POWER OF
TMI-2 WITH END-OF-CYCLE EQUILIBRIUM CORE

Total Core Decay Power, MW
Cooling
Time

1.00+0 Sa
4.00+0 s
1.00+1 s
4.00+1 s
1.00+2 s

4.00F2 S
1.ooi-3s
1.00+0 h
2.00+0 h
5.OCH-Oh

1.00+1 h
2.00+1 h
5.00+1 h
1.00+2 h
2.00t2 h

5.00+2 h
1.00+3 h
2.00+3 h
5.00+3 h
1.00+0 y

1.00+4 h
2.00+4 h
5.00+4 h

TMI-2

1.68+2
1.48+2
1.30+2
1.03+2
8.60+1

6.52+1
5.28+1
3.56+1
2.84+1
2.14+1

1.74+1
1.39+1
8.93+0
6.59+0
4.55+0

2.59+0
1.56+0
8.83-1
3.23-1
1.40-1

1.15-1
4.35-2
1.13-2

Eq. Core

1.63+2
1.45+2
1.28+2
1.03+2
8.70+1

6.70+1
5.46+1
3.73+1
3.03+1
2.38+1

1.99+1
1.65+1
1.15+1
8.90+0
6.57+0

4.31+0
3.02+0
2.03+0
1.02+0
6.09-1

5.36-1
2.54-1
8.36-2

head as l.OOxlOOsecorids.
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irradiation period. This appendix, based on earlier data prepared for Ref. 15

is included for general interest and for the detailed plots of actinide

content. However, the fission-productheating uses the upper bound correction

for absorption in fission products given in the ANS 5.1 Standard. As noted

in a prior section, this correction is likely much

times. Therefore, results in this Appendix should

except for the actinide heating.

VIII. suMMARY

too large at some cooling

only be intercompared

The previous section provides best estimates of the total core decay

power and curies for TMI-2, and comparison decay powers for the equilibrium

core and a survey of values for a wide range of irradiation and cooling times.

The decay data used have been widely tested and the four group cross sec-

tions and fluxes should closely match the values in TMI-2. The very recent

ANS 5.1 decay power standard has been used where possible and where it is

believed to be more accurate than calculations using the EPRI-CINDER sum-

mation code. This is only possible for total fission-product’heating, and

for this it is less accurate than the summation calculations for times >20

hours of cooling.

The u, (3,and ‘ycomponents of heating, actinide heating, and all other

values for specific nuclide groups necessarily resort to the summation code

calculations.

All values apply to the total core assuming all nuclides are retained

in the fuel; some of the heating for nuclide groups, particularly for the

noble gases and halogens, indicate that there can be a very significant

decrease in heating rates once the fuel cladding is breached, as apparently

happened in part of the TMI-2 fuel.

As is clear from comparisons with the equilibrium core case and the

graphical data in Fig. 5, the decay heating rates are larger during the

first few cooling seconds following relatively short irradiation times

of fresh fuel than for long irradiation periods, a result of the relatively
239

small Pu content in fresh fuel.

Appendices B and C contain

contributors to fission product

detailed content of noble gases

detailed nuclide results for the larger

heating components and curies and also the

and halogens. Comparison results for a

25



Cooling
_

4:00+00
1.00+01
4.00+01

1.00+02
4.00+02
1.00+03
4.00+03

1.00+04
4.00+04
1.00+05
4.00+05

1000+06
4.00+06
1.00+07
4.00+07

1.00+08
4.00+08
1.00+09
4.00+09

1.O(J+1O
4.00+10
1.00+11
4.00+11

1.00+12
4.00+12
1.00+13

TABLEVIII

SUM14ARY OF TflI-2 FUEL DECAY POWEH SURVEY CALCULATIONS

FISSION-PROOUCT AND ACTINIOE DECAY POWEH
FOLLOWING CONTINUOUS IRRADIATIONS

TotalDecayPowerFractionof
----------------------------------------------IrradiationPeriod

3.1;-03
s

1.57-03
7.20-04
1.76-04

6.48-05
1.23-05
5.10-06
1.07-06

2.99-07
5.10-08
1.66-08
4.83-09

2.79-09
2.03-09
1.92-09
1.88-09

1.88-09
1.88-09
1.88-09
1.87-09

1.87-09
1.87-09
1.86-09
1.82-09

1.74.09
1.40-09
9.40-10

lU-S
1.49-02
9.25-03
5.19-03
1.58-03

6.15-04
1.21-04
5.08-05
1.06-05

2.97-06
4.93-07
1.49-07
3.lU-08

1.10-08
3.42-09
2.36-09
1,93-09

1.89-09
1.88-09
1.88-09
1.87-09

1.87-09
1.8”1-09
1.86-09
1.82-09

1.74-09
1.40-09
9.40-10

3.%02
1 .Y

2.35-02
1.71-02
8.45-03

4.19-03
1.09-03
4.87-04
1.05-04

2.95-05
4.91-06
1.4”/-06
2.97-07

9.35-08
1.73-08
6.68-09
2.39-09

1.99-09
1.91-09
1.90-09
1.88-09

1.88-09
1.87-09
1.86-09
1.82-09

1.“/4-09
1.40-09
9.40-10

1000-3
4.31-02
3.56-02
2.89-02
1.89-02

1.28-02
6.29-03
3.55-03
9.10-04

2.78-o4
4.84-05
1.46-05
2.95-06

9.18-0’/
1.56-0’/
5.00-08
7.04-09

3.05-09
2.21-09
1.84-09
1.91-09

1.89-09
1.88-09
1.ii7-09
1.83-09

1.’[5-09
1.40-09
9.40-10

E!2wc-
4.94-02
4.19-02
3,52-02
2.51-02

1.88-02
1.14-02
7.40-03
2.41-03

8.66-o4
1.68-04
5.20-05
1.06-05

3.29-06
5.58-07
1.75-07
2.05-08

6.12-09
3.09-09
2.65-09
2.00-09

1.92-09
1.92-09
1.91-U9
1.85-09

1.’/6-09
1.40-09
9,40-10

l-dav
5.78-02
5.03-02
4.36-o2
3.34-02

2.71-02
1:.93-02
1.48-02
8.01-03

4.84-03
1.96-03
8.68-o4
2.27-04

7.48-05
1.32-05
4.13-otl
4.47-07

1.t14-07
3.10-08
2,05-08
4.81-09

3.03-09
2.98-09
2.91-09
2,62-U9

2.20-09
1.43-09
9.4IJ-10

AT 33.tlkw/ki3.

OperationalPower
Lenzth ----------------------------------------------.-.

I -weeK

6.Oj-U2
5.28-02
4.61-02
3.59-02

2.96-02
2.19-02
1.73-02
1.05-02

7.25-03
3.60-0?
2.43-03
9.74-04

3.99-04
8.48-05
2.80-05
3.09-06

‘7.12-07
2.05-0’/
1.32-07
2.24-08

9.91-U9
9.54-09
9.12-09
7.31-09

4.91-09
1 .bU-09
9.U1-lU

i-moo
6.2b-02
5.5(J-U2
4.83-02
3.79-02

3.15-02
2.37-02
1.91-02
1.22-02

8.49-03
5.63-03
3.!ib-03
1.83-03

9.77-04
2.82-04
1.08-04
1.28-05

3.03-06
8.72-07
5.59-U7
9.12-08

3.76-08
3.51-08
3.29-08
2.47-08

1,47-08
2.23-09
9.45-1(I

l-year
6.u2-02
5.34-02
4.72-02
3.”(7-02

3.17-02
2.43-02
1.98-U2
1.31-02

9.96-03
6.38-03
4.80-03
2.94-03

1.94-03
9.30-(J4
4.95-U4
1.15-04

3.43-05
1.07-05
7.31-06
2.07-Ob

1.15-06
5.23-07
3.30-07
1099-07

9.b3-OM
7.25-09
1.U9-U9

2-year
5.8S-U2
5.20-02
4.62-02
3.71-02

3.14-02
2.42-02
1.98-02
1.31-02

1.00-02
7.UM-03
5.()’/-03
3.14-U3

2.09-03
1.U7-03
6.28-04
1,95-04

6.64-05
2.18-05
1.52-05
5.01-Ub

2.82-06
1.u5-06
5.44-u’/
2.93-UI

1.2(-0’(
9.41-U9
1.bl-U9

%%2
5.U8-02
4.53-02
3.6b-U2

3.lU-(12
2.40-02
1.97-u2
1.31-U2

1.U1-02
“(.21-03
5.j2-U3
3.31-U3

2.22-03
1.19-U3
(.43-U4
2.b8-04

1.00-04
3.45-05
2.35-05
“1.b4-06

4.09-Ub
1.40-U6
b.Mu-u7
3.44-U’(

1.38-0’/
1.Utl-oti
2.41-U9



constant power of 2772.0 MW for 26 000 hours are included. These data

are necessarily based entirely on summation code results.

All data in this report, with the exception of the supporting information

on the ANS 5.1 Standard in Appendix A and the generic reactor comparisons

in Appendix E were specifically requested by the Presidential Commission.

All non-redundant data supplied to the Commission to date (August 16, 1979)

that are based on an accurate power history, except for the decay spectra,

are included.
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APPENDIX A

THE 1978 ANS 5.1 DECAY POWER STANDARD
SUMMARY OF DATA USED IN

FOR LIGHT WATER REACTORS:
THIS REPORT

The new standard is represented by pulse functions as discussed in the main

text of this report [Eqs. (1) and (2)]. The actual standard lists the parameters

for the functions and uses these to generate tabular heating rates vs cooling at

six points per time decade between

for the “infinite irradiation” for

tion of using the functions, as in

in the standard.

The infinite irradiation case

1 and 1013 s for the pulse and 1 and 109 s
235U 239PU and 238U

9 . The user has the op-

this report, or the tabular data as explained

is actually generated from Eq. (2) where each

fuel is assumed to produce power at a constant fission rate without depletion.

This is an artifice that permits, in principle, the same informational content

in the tabular data as is contained in the pulse functions.

Neither the pulse functions nor the tabular data account

neutron absorption by fission-products. This is dependent on

reactor and its power history. As noted in the text, the net

absorption for cooling times <104 s is small even following a

for the effect of

the specific

effect of neutron

long irradia-

tion time. The standard accounts for this with an empirical equation up to

104 s and an “upper bound” based on two CINDER-10 summation calculations for

a very long irradiation period (4 years) at large flux levels. The user has

the option of using the upper bound at any cooling time and also of using

documented summation calculations at any time. The upper bound correction,

tabulated in Table A-I and plotted in Fig. A-1, is inappropriate for the short

life of TMS-2. It was used only for the first b x 104 s, and only where so

indicated in the tabular data. For longer times the direct CINDER results

were used because these already include the absorption effect.
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The pulse function parameters are listed in Table A-II. These are used in

the DKPOWR code with fission rates from CINDER to produce aggregate heating rates

up to 4 x 104 s, except in the detailed CINDER-10 data in Appendices B and C.

Fissioning nuclides other than
235U 239PU and238

U are assigned the 235U valuesY

when the standard is used.

Variable mixtures of fission rates, including uncertainties, can be treated

as discussed in the standard. The DKPOWR Code describes this in more detail, in-

cluding some clarification of aspects that may be of interest to users of the

standard.

One problem that confronts the user is

using the pulse functions. The DKPOWR Code

the treatment of uncertainties when

incorporates an extremely accurate

fit to the absolute 10 uncertainties, Af, in f of Eq. (1). These give Af as a

function identical in form to Eq. (1) but with different parameters,

23

z

-yft
Af = 13ie MeV/fiss-s “ (A-1)

i=l

The parameters ((3,‘y)are listed in Table A-III but are not included in the

standard. The standard provides tabular data and users must interpolate to get

appropriate values of Af.

The decay heating or power in the units of MeV/fiss represent the decay

energy release rate in MeV/s at specified or listed cooling times normalized to

the fission rate during power

MeV/s
MeV/fiss~ —

Fiss/s “
(A-2)

Such units are meaningful only for the case of a constant fission rate during

the powered interval. The release rate in MeV/s can be obtained using a sum of

the integrals of the product of each pulse function and the corresponding fis-

sion rate of each fuel. In this report we have represented the variable power

history of TMI-2 as a series of histograms, using the rates in Table II. The

fission product decay power at any specific cooling time has been accumulated

from the separate contributions of each histogram. The units of MeV/s can be

readily converted to MW using the relationship 1 MeV/s =

s ion

30

Figure A-2 shows the absolute comparison of heating

pulse for each of the three fuels. The differences

1.60207 X 10-19 W.

rates for a single fis-

are emphasized in Fig.



A-3 which show the deviations of 239PU -d 238U from 235
U for the infinite ir-

235U and its small un-radiation case. Figure A-4 shows the new standard for

certainty compared to the older standard and its uncertainty.

TABLE A-I

RATIO OF DECAY HEAT WITH ABSORPTION TO
VALUES WITHOUT Absorption

Time After qax(t) Time After Gmax(t)
Shutdown (see) Shutdown (see)

1.0 1.020 1.5E+5 1.130
1.5 1.020 2.0E+5 1.131
2.0 1.020 4.0E+5 1.126
4.0
6.0
8.0
1.OE+l
1.5E+1
2.OE+l

4.OE+l
6.OE+l
8.OE+l
1.0E+2

1.5E+2

2.0E+2
4.0E+2

1.021
1.022
1.022
1.022
1.022
1.022
1.022
1.022

1.022

1.023

1.024
1.025
1.028

6.0E+5

8.0E+5

1.0E+6

1.5E+6

2.0E+6

4.0E+6

6.0E+6

8.OE+6

1.OE+7

1.5E+7

2.0E+7

4.0E+7

6.0E+7

1.124

1.123

1.124

1.125

1.127

1.134

1.146

1.162

1.181

1.233

1.284

1.444

1.535

6.0E+2 1.030 8.0E+7 1.586

8.0E+2 1.032 1.0E+8 1.598

1.0E+3 1.033 1._5E+8 1.498

1.5E+3 1.037 2.0E+8 1.343

2.0E+3

4.0E+3

6.0E+3

8.0E+3

1.0E+4

1.5E+4

2.0E+4

4.0E+4

6.0E+4

8.0E+4

1.0E+5

1.039 4.0E+8 1.065

1.048 6.0E+8 1.021

1.054 8.0E+8 1.012

1.060 1.0E+9 1.007

1.064

1.074

1.081

1.098

1.111
1.119
1.124
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aRatio 8ased on: 235U thermal fission for 4 years, no depletion,
typical LWR spectrum.
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TABLEA-11
PARAMETERS

FOR
PULSEANUFINITE lRRAIUATION UECAY-HEAT

FiJNCTIONSd(t) andF (Z, T)

U–235
Thermal

a A
6.5057E-01 2.213 f3E+Ol
5.1264E-01 5.1587E-01
2.4304 E-O 1 1.9594 E-O 1
1.3 B50E-O 1 1.0314E-01

S.5440E-02 3.3656E-02
2.2225E-02 1. 1681E-02
3.3080E-03 3.5870E-03
9.3015E-04 1.393CK-03
8.0943E-04 6.2S30E-04
1.9567E-04 1.O!IOGE-04
3.2535E-05 5.498f3E-OS
7.5595E-06 2.0953E-05
2.5232E-06 1.OO1OE-O5
4.994flE-07 2.!5438E-06
1.8531E-07 (L6361E-07
2.6GOlX-0~ 1.2290E-07
2.259GE-09 2.7213E-08
8.1641E-12 4.3714E-09
8.7797E-11 7.57COE-10
2.5131E-14 2.4786E-10
3.2176E-16 2.2XME-13
4.5038E-17 2.4600E-14
7.4791E-17 1.5699E-14

i5/7tl)
U-238
Fast

a A
1.2311E+O0 3.2881=0
1.1486E+O0 9.3805E-01
7.0701E-01 3.7073E-01
2.5209E-01 1.1118E-01
7.1870E-02 3.6143E-02
2.8291E-02 1.3272E-02
6.8392E-03 5.0133E-03
1.2322E-03 1.3655E-03
6.8409E-04 5.5158E-04
1.6975E-04 1.7873E-04
2.41~2E-OS 4.9032E-OS
6.6356E-06 1.7058E-05
1.0075E-06 7.0465E-06

4.9894E-07 2.3190E-06
1.6352E-07 6.4480E-07

2.3355E-OfI 1.2649E-07
2.8094E-()!3 2.5548E-08
3.6236E-11 8.47f12E-09
6.4577E-11 7.513OE-10
4.496X.-14 2.41WE-10
3.6654E-16 2.2739E-13
5.6293E-17 9.053fiE-14
7.1602E-17 5.6098E-15

PU-239
Thermal

A
2.08:OG01 iii020E+Ol
3.8530E-01 6.4330E-01
2.2130E-01 2.1860E-01
9.4600E-02 1.0040E-01
3.531OE-O2 3.7280E-02?
2.2920E-02 1.4350E-02
3.9460E-03 4.5490E-03
1.3170E-03 L3280E-03
7.0520E-04 5.3560E-04
1.4320E-04 1.7300E-04
1.7650E-05 4.881OE-O5
7.3470E-06 2.0060E-05
1.7470E-06 8.3190E-06
5.481OE-O7 2.3580E-06
1.671OE-O7 6.4500E-07
2.t120,E-08 1.2780E-07
2.9960E-09 2.4660E-08
5.107OE-11 9.3780C-09
5.7300E-11 7.45OOE-10
4.1380E-14 2.426OE-10
1.OM)OE-15 2.21OOE-13
2.4540E-17 2.6400E-14
7.5570E-17 1.3800E-14
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235U

B Y

1.1306+0 2.3079+0
1.4680+0 2.5578+0
3.4480-1 2.4554+0
8.5155-3 2.4783+0
3.2872-2 3.7832-1
8.2958-3 1.2756-1
1.5202-3 3.5541-2
2.8260-4 1.0309-2
9.5539-5 6.3926-3
4.1938-5 1.3593-3
8.2175-6 2.8126-4
7.9662-7 5.7595-5
6.0345-8 8.5336-6
6.9231-9 2.2085-6
3.7062-9 6.6361-7
5.3216-10 1.2290-7
4.4796-11 2.7213-8
1.6328-13 4.3714-9
1.7559-12 7.5780-10
5.0262-16 2.4786-10
6.4352-18 2.2384-13
9.0076-19 2.4600-14
1.4958-18 1.5699-14

THE PULSE

(3

TABLE A-111

PARAMETERS

FOR

Af
FUNCTION UNCERTAINTY*

238U 239PU

2.6985-1
4.6317-1
3.3342-2
5.2368-2
1.6377-2
3.3312-3
3.4399-4
2.9573-5
4.5202-5
1.2485-5
1.4719-6
4.3067-7
2.8213-8
6.0028-9
6.3270-9
8.9103-10
1.1371-10
1.4076-.12
3.2341-12
2.2547-15
1.8325-17
2.8240-18
3.5792-18

5.6768-1
2.1447+0
2.6939-1
1.2343-1
3.7050-2
1.3551-2
3.8277-3
1.1444-3
6.9141-4
1.9674-4
5.9641-5
1.7524-5
3.7664-6
1.9651-6
6.8983-7
1.3242-7
2.3771-8
9.1546-9
7.5130-10
2.4188-10
2.2768-13
900019-14
5.4671-15

1.9530+0
1.2000-4
3.0310-1
2.0617-2
2.0761-2
4.8726-3
1.4982-4
1.1519-3
4.9044-5
2.8594-6
4.2090-6
4.8789-7
1.4067-7
2.9496-8
8.3735-9
1.0591-9
1.5014-10
2.5438-12
2.8675-12
2.0731-15
5.4574-17
1.2296-18
3.7807-18

2.1278+0
2.0370+2
2.1127+0
2.1132+0
2.5175-1
6.8314-2
3.3741-3
1.4929-2
7.0130-4
1.1230-4
1.7173-4
2.4989-5
1.0014-5
2.4173-6
6.4468-7
1.2806-7
2.4668-8
9.4104-9
7.4481-10
2.4337-10
2.2119-13
2.6741-14
1.3870-14

“These accurately reproduce the 10 values in Af of the ANS 5.1 Standard
when used inEq. (A-l), but these parameters are not listed in the
standard.
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APPENDIX B

TMI-2
CURIES, ATOMS, AND DECAY POWERS

OF
MAJOR FISSION–PRODUCT CONTRIBUTORS

COMPARISON RESULTS FOLLOWING AN EXTENDED POWER PERIOD

For the TMI-2 power history and a 26 000 hour irradiation at constant,

full power of TMI-2, the CINDER-10 results for collective and individual

nuclide contributions at each of 24 cooling times are summarized in this

Appendix. At each cooling time (the same times as in the main text plus the

instant of shutdown) any nuclide contributing more than 0.5% to the values

of the total summations over all fission products of curies, beta, gamma, or

beta + gamma energies is listed.

All data are calculated using the ENDF/B-IV data base in CINDER-10 and

actinide cross sections from EPRI-CELL as described in the main text. There-

fore, the total decay heatfng from fission products will differ by a small

amount from the aggregate values in the main text because of the use there

of the ANS 5.1 Standard for times<20 hours. For cooling times up to a few

minutes, the standard is believed to be more accurate than calculations, but

as the cooling time increases it is increasingly probable that these summa-

tion calculations are more accurate because of the accurate accounting for

neutron absorption specific to TMI-2. The absorption effect is discussed in

the text, and in Appendices A, D, and E.

Each table of time step data is headed by information for the aggregate

sums over all fission products and other data as labeled. The first quantity

listed is the time step number, time step 22 representing values at the end

of the last time at power before the March 28 incident. The second quantity

is the cooling time in seconds; this is O. at time step 22. The total elapsed

time over all time steps follows the cooling time.

All other quantities heading each table are values applicable to the

total core. The accumulated fission and total fission products in sum are
-24

reduced by the factor 10 , a common practice in reactor design. The beta,

gamma and total (beta + gamma) decay power is specified in MW and in MeV/fiss,

the latter unit being
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MeV/s
MeV/fiss S—

fiss/s ‘

where MeV/s is the decay power rate in MeV per second at the specified cool-

ing time and fiss/s is the fission rate during the last time step at power;

in this case the rate is 8.27 x 10
19

for TMI-2 (for the second set of tables the
19

rate is 8.59 x 10 fiss/s).

9 The tabular datafor each nuclide consists of the following quantities.

COL QUANTITY

1 Numerical ID where the first two digits = the atomic number Z,
the next three digits = mass number A, the sixth digit spe-
cifies the isomeric state (O = ground, 1 = first isomeric,
etc), and the final digit is O in all cases.

2 Chemical symbol corresponding to the atomic number.

3-6 Lists percentages for beta, gamma and beta i-gamma decay
energy of the total, and the percent of curies of the total,
where total refers to all fission products.

7-9 Lists the decay power in MeV/fission, as discussed above.

10 Lists curies (total core).

11 Lists the “density” where, in this case, density refers to
the total atoms of the nuclide in the core multiplied by the

-24
factor 10 .

12-14 Lists the decay power in MW for beta, gamma and beta + gamma.

As the cooling time increases the number of nuclides meeting the

~OOs%-Of-total criteria for inclusion In these tables &CreaSeS , particularly

for TMI-2. That is, a few nuclides dominate the total decay at long times.

The second set of tables is identical in form to the first set but is

based on a constant power of 2772 MW for 26 000 hours (-2.97 years). This

case is comparable to 1/3 of the equilibrium core fuel following three cycles.

It differs in the following respects:o

● All fuel is assumed to produce power constantly for 26 000 hours.

● Each fissionable nuclide is assumed to produce the same energy per
fission.

● Fuel cross sections are based on EPRI-CELL at mid-life; that is,

these cross sections are self-shielded at the mid-life value but

are not time dependent.
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The differences are not important for the intended use of these tables,

namely, to provide a general comparison of nuclide data for highly irradiated

fuel. The number of time steps at power was maintained at 22 and the decay

(cooling) times are the same as used for TMI-2 so that time step numbers

correspond to the same cooling times as in the first set of tables.

!l%ereade~shouzdiwte that the cakulat~onsfor the secondsetof

tabZesuses a power ZeveZof2772 MWe Had TMI-2been at jWZ power durtng

;-tshst pouered~ntervalthe f{ssionproductdecayenergywouZdbe %nc~eased

by-2.7% for eachnueW?e dunhg the fhst &y orrnorefolhw%ng the March

28 ;nckknt.

It is interesting to note that the number of nuclides making considerable

(~0.5%) contributions to total fission-product decay power far exceed the cor-

responding number important to total actinide decay power, as shown in Fig. B-1.
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