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ABSTRACT

A comprehensive review of the nuclear basis for ECGCS (Appendix A) calculations
is presented. The areas covered include: basic nuclear data, nuclear energy
sources, nuclear energy transport, and nuclear core design data. New values are
proposed for the energy yield per fission of a number of isotopes including U2

13.

U211, and Pu2ll. A new, more rigorous decay heat model based on the current Ameri-
can Nuclear Society Standard ANS-5 is developed, in addition, , decay heat model
based on the ANS-5.1 subcommittee's new decay heat curves is presented for use
in evaluating the impact of the proposed standard. In the area of nuclear energy
transport, Monte Carlo calculations have been performed to pro vde more accu-
rate parameters for gamma energy transport.



NEDO-23729

1. INTRODUCTION

A comprehensive review has been conducted of the nuclear basis for emergency core cooling system (ECCS)
calculations, which are required by 10CFR50 Appendix K. The review has been divided into four major areas. The
first area covers basic nuclear data including the energy yield per fission of the important fissionable isotopes and
the decay parameters and decay energies of the actinides. The second area is concerned with the nuclear sources
of heat during a loss-of-coolant accident (LOCA). These sources include decay heat from fission products, decay
heat from heavy element actinides. fission heat caused by delayed neutrons, arid decay heat from structural ma-
terials. The third area of this review is concerned with the way in which the nuclear eneregy is distributed or de-
posited in the core. In particular, gamma ray transport effects are evaluated and quantified. The fourth area of this
review covers the inputs to ECCS calculations which come directly ;'rom nuclear core design calculations. These
data include the rod-by-rod fission density and exposure distributions, etc.

Section 2 is concerned solely with basic nuclear data. New values are derived for the energy yield per fission
of the isotopes UP'. U213, and Pu239 , which are the most significant isotopes for ECCS calculations. In addition, new
energy yields are derived for the following isotopes: Pu2 4 , U233, Th 232, U234 , U236. Pu24c. and Pu 242. Also included in

Section 2 is a discussion of the decay parameters of the actinides U2ll and N 211, whicq are important to ECCS cal-
culations.

Section 3 covers the area of nuclear energy sources. The four primary sources of energy which were men-
t~oned above, are each given careful consideration. With respect to decay heat -rom fission products. two sets of
data are given. The first set is the current ANS-5 standard23 . The other set is the stanoard which has been recently
proposed by the ANS-5.1 subcommittee on decay heat4. Specifications for the combination of the various energy
sources into complete decay heat models are given in Subsection 3.2. Three distinct models are presented. The first
is identical with the model currently in use. The second is a more rigorous and more accurate model which is stil!
based on the current ANS-5 standard. Finally, the third model is based on the proposed new standard. The latter
may not be used in routine calculations since the standard has not yet been approved, but it may be used to evaluate
the impact of the proposed standards.

Section 4 is concerned with the ways in which nuclear energy is transportec from its source to another region
where it is deposited. The primary method for this redistribution of energy is through gamma transport. A secondary
method, which is applicable only to normal power conditions, is through neutron energy transport to coolant
regions. The results of photon Monte Carlo calculations are presented. These results quantify the amount of
gamma energy which is deposited in the various structural components of a fuel bundle and also quantify the re-
distribution of gamma energy among the fuel rods. Results, previously reported by otherss. are presented which
quantify the effects of gamma transport from one fuel bundle to the next. In Subsection 4.2. specifications are given
for including gamma transport effects in ECCS calculations. In addition, a brief review is made of the gamma trans-
port corrections which are currently in use in the process computer.

Section 5 is a brief review of nuclear core design data which have a direct effect on ECCS calculations. Most
of -hese data either have been reviewed elsewhere or are known to have only a small impact in the ECCS area.

Finally, in Section 6. the conclusions of this review of the nuclear basis for ECCS calculations are presented.

1-1/1-2
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2. BASIC NUCLEAR DATA

The energy release per fission and the decay parameters of the actinides are of such a fundamental nature that

they have been isolated here in a separate section. The principal application of the energy release per fission data to
ECCS analyses occurs in the normalization of the decay heat curves. Decay heat data are normally given in terms of
power (energy per unit time) divided by fission rate. Dividing this data by the energy release per fission converts the
curves into relative power versus time. The actinide decay parameters impact ECCS calculations as one of several
components of decay heat. Particular attention must be given to the average energy of the beta decay particles of the
act(nides, since this determines the sensible energy release per decay.

In subsection 2.1, the best available data on the energy release per fission is given for a number of isotopes.
Those which are most important for ECCS analyses are U235 , U238, and Pu 239 . Subsection 2.2 presents the necessary
calculations for the decay parameters of the two most significant actinides, U'1 and Np03.

2.1 ENERGY RELEASE PER FISSION

There are two general approaches to the problem of determining energy release per fission. The first approach.
which is termed the summation method, is to add up all of the separate components of the energy, which may be
determined by various experiments. The components consist of the kinetic energy of the fission fragments, the beta
and gamma energy released by the decay of fission products. the prompt gamma energy released simultaneously
with fission, and the energy of the neutrons which are given off. A subtraction is made of the incident neutron energy,
to avoid double counting of this component. The total of all of these components is the sensible energy released
directly as a consequence of fission. In addition, there is a substantial indirect energy release as a result of the
parasitic capture of neutrons in the reactor. The magnitude of this component is different for reactors in separate
classes. i.e.. BWR, PWR. LMFBR, etc. For reactors within a class, i.e.. all BWR's, it is possible to assign a single value.
The total energy released in fission is a sum of these direct and indirect sources.

The alternate approach to determining the energy release per fission is the mass excess approach. In this
method, data are collected on the yields from fission and the isotopic masses of hundreds of fission products. The
difference between the mass of the fissioning isotope and the sum of the yields times the masses of the fission
pr:oducts is the mass excess. In orderto compute the sensible energy release it is necessary to subtract from the mass

excess the energy which is carried away by antineutrinos and to acid on the indirect contribution from capture
gammas.

The energy release per fission of U211 is presented in detail in Table 2-1. Five separate calculations from three
distinct sources are shown. Since both the summation and mass excess methods are represented. there are unfilleo
locations in the table whenever a given component does not apply to a particular method. In' cases where 'calculations
have been made of components which are not used by a particular method but are: nevertheless useful for compara-
tive purposes, the values are enclosed in brackets [ J. The first column of Table 2-1 presents the summation results of
Crowther. These values arecurrently in use at the General Electric Company for all nuclear design calculations. It is
proposed that these values be replaced for several reasons. First of all, the calculations are 8 years old and much new
data are available now. Secondly, Crowther neglected to subtract the incident neutron energy. This. of course. is only
imoortant for those isotopes which undergo predominantly, fast fission such as U131. A third reason for revising the
current values is that the contribution due to capture gammas was computed by obtaining a typical value for the total
capture gamma energy release per fission and adding this value to the energy release for each isotope. However, this
value is clearly exposure dependent. A more justifiable method was employed by Unik and Gindler6 and is used in this
work. The method consists of computing the average capture gamma energy per fission neutron produced and
mLltiplying this by the number of captured neutrons (v, - 1 ) where vi is the number of neutrons produced in fission by
isotope i. This results in a different value for the captive gamma energy produced by different isotopes. Further
justification of this method will be presented later in this subsection. A final reason for revising the current energy
release values is that they include a small correction for fast fissions in the isotooes Liý3

1. Pu 2 4. Pu- 2 . Np 23 7. Am 2 -3 .

Cni 244 , Am"4 ', Pu' 33 . Am 24 2 , and Cm' 42 . These fissions were originally ignored in the nuclear design calculations.
However, the majority of these fissions occur in the three isotopes U236. Pu12 0 and PLi142 which are now accounted 'or.
Therefore the correction should no longer be applied,

2-1
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Table 2-1
ENERGY RELEASE PER FISSION OF U235

(All entries in units of MeV/fission)

Source: R. L. Crowther
(Aug. 1969)

Unik & Gindler (Apr. 1971)

Mass Excess Summation

Sher (Oct. 1976)

LSQ

Kinetic Energy of Fragments

Mass Excess

Average Beta Energy, E3
,Minus Antineutrinos. - Ec,

Prompt Gamma Energy. Ep

Delayec Gamma Energy, Ed
Neutrons:

Number released. v,
Average Energy, E,

Total Energy. LE,
Minus Incident Energy, -E,

Subtotal

Capture Gammas:

Average Energy, EU_

Total Energy. (,'- 1 )Ec,
Miscellaneous Corrections:

Total, 0

'ENDF..3-V .alue supplied by C. L. Martin

169.1

6.71

7.54

7.63

202.74=0.21

-10.3.=0.6

167.9=2.0 [169.58i.0.68]
202.7--0.1

7.4=0.4 [6.43=0.05]
-8.68=0.06

7.64--0.75 [6.96=0.70]
7.1 ... 1.3 [6.26=0.05]

Systematics

169.1 = 1.5

6.5-=0.3

7.1 =2.0

6.35--0.3

2.434
1.93
4.71

0.0
195.69

5.85z
8.58
0.17

204.4

2.423=0.007 2.423=0.007

4,69=0. 11

0.0
192.4=0.6 194.73

2.4188a

194.02=0.12

5.46-= 0. 19'
7.75=0.27

4.79-= 0.07
0.0

193.8--1.1

5.46 =.019'
7.75=0.27

201.6

6.53 = .2'
9.29 =0.3

6-53=0.2c
9.29=0.3

201.7=0.7 204.0 201.8-= 0.3

,CompLted 'or TVA fuel design by dividing 8.58 by i.-l= 1.468
Compkuted 'or EBR-11 by Unik and Gindler

'Average of three BWR fuel designs at several exposure points

(.

Unik and Gindlere performed an extensive review of energy per fission in 1971. They utilized ooth the mass
excess and summation techniques. Their results are presentec in the second and third columns of Table 2-1. Note that
the error bounds in the mass excess results are much smaller than the bounds in the summation results. The average
capture gamma energy of 6.53 MeV reported by Unik and Gindler was computed for EBR-lI. an LMFBR. This value is
substantially higher than the value of 5.46 MeV which is recommended for a BWR. This is primarily due to the large
amount of stainless steel in the EBR-11 fuel. Nevertheless. Unik and Gindler's results are presented here because they
are well known and are even used in the draft of the new decay heat standard4 . They are explicitly not recommended.
however, for use in nuclear design or ECCS calculations for BWRs.

A very recent evaluation of energy per fission was performed by Sher in 19761. The fourth column in Table 2-1
contains Sher's least squares (LSQ) resu;ts. which rely principally on the mass excess calculations of Walker" using•
ENDFB-IV data. In addition, the LSQ results contain estimates of the other components of the energy release (en-
closed in brackets) which were obtained by applying the least squares technique to experimental data. while at the
same tine maintaining consistency with the mass excess calculations. This is important since a knowledge of the gamma
and beta energy components is necessary for decay heat and gamma energy transport calculations. The fifth column of
Table 2-1 contains Shers *Systematics' calculations. These results utilize simplified fits based primarily or the mass and
charge. etc.. of the fissioning nucleus. These results are most useful for nuclides for which experimental data are unavailable.
They are listed in Table 2-1 only to provide a means of assessing the accuracy of the Systematics" method for other
nuclices.

2-2



NEDO-23729

Table 2-2 presents the energy release per fission data for U239 and Table 2-3 presents the data for Puz32. These
nuclides along with U111 are the only important nuclides for ECOS analysis. For completeness. however, energy
release per fission data are given for a number of other nuclides in Tables 2-4 through 2-10. These nuclides are Pu24'.
U23. Th 232 , U2

3", U236, Pu240 , and Pu2 4 2 . In many cases data are not available from all tiree sources, but whatever is avail-

able is listed in these tables.

The recommended values for energy release per fission for all 10 nuclides are summarized in Table 2-11
alongside the values which are currently used in design. The recommended values for U11", U211, Pu239 , Pu 24 , U233, and
Th 32 are Sher's LSQ results forthe direct energy release plus a capture gamma contribution which is appropriate for
BWR's. Sher's results were chosen because they are the most recent and evidentty the most accurate to date. For the
nuclides U231, U2 ". PuZOD. and PuI42 Sher's Systematics results are recommended. These values are expected to be
fairly accurate because of the excellent agreement between the Systematics and LSQ results for the other six
nuclides.

A quantity which is of great importance to the gamma energy transport calculations in Section 4 is the fraction
of tne energy release in the form of gamma rays, This quantity is markedly different for normal power versus LOCA
conditions. In the normal power case, ft is the ratio of the sum of the prompt E.,)), delayed E..)and capture {(v -- 1)E,
energy to the total energy release (0):

E,p- Eýd + ( -l)Ec, 2-li

In the LOCA case, it is the ratio of the delayed gamma energy to the sum of the delayed oeta TE.,) and gamma energy;

)LIocA _::7 (2-2)

This is, of course. the same expression as the previous one with all of the prompt sources set to zero. Table 2-12
summarizes the current and the recommended data for both normal and LOCA conditions. Values for the individual
isotopes U235 , U2"9. and Pu139 are also shown. The isotope-dependent values are nearly identical for LOCA conditions.
while some differences exist for the normal power case. As a result of this, the normal power value will vary somewhat
with exposure. The weighted averages of the isotopic values are based on the fission fractions of the typical reload
bundle 80250 at zero exposure. These weighted average values are recommended for general use and are. in fact,
utilized in Section 4, There is no approximation here in using the LOCA value. The use of the normal power value,
whch is far less important, may result in an error of at most 1% or 2%.

As mentioned before, the calculation of the capture gamma contribution to :he energy release is a function of
the type of reactor. Thecdetails of this calculation fora BWR will now be presented. The first step in thecalculation is to
identify the isotopes which are undergoing capture and to compute the energy release per capture. Table 2-13 is a list
of the most important heavy elements, structural materials, and burnable poisons which are present in a BWR. The
second column of the table gives the type of reaction which is being considered. Ordinarily this is a simple capture
followed by the emission of one or more gammas which leaves the product nucleus in a stable or nearly stable state. In
this case. the total energy release is easily determined by a mass balance between the product and reactant nucleii. In
several cases the situation is more complicated because the product nucleus is unstable and decays by beta emission
with a half-life on the order of days or less. In this case, a careful calculation of the decay energy must be made in
order to exclude the energy carried away and lost by antineutrinos. Two examples of this type of calculation are pre-
sented in the next subsection and therefore the details of such calculations will be avoided here.

The third column of Table 2-13 lists the capture energy release values computed by Crowther and used in his
analysis of energy per fission. The fourth column gives the new recommended values. When a beta decay calculation
was performed, the value of the total beta plus gamma decay energy is also indicated. The most significant difference
between the old and new values is for the U21 case. Evidently, the old value inadvertently contained a contribution
from antineutrino energy. The drop in energy is substantial and is the principal cause for the drop in the average beta
decay energy given in Table 2-1.

2-3
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The control isotope in Table 2-13 is a conglomeration of captures in control blades, fission prod JCts. and any

other sotopes not explicitly given. The arbitrary choice of 5 MeV per capture is reasonable because captures in
fission products will generally produce energies greater than this. compensating for the lesser amo.,nt of energy
produced by an absorption in a control blade.

The next step in the calculation is to determine the relative number of captures in the various isc:opes. This is
cieariy a function of bundle design as well as exposure. Table 2-14 gives the number of captures in eac-i isotope per

fission for three different BWR bundle designs at several different exposures. The total number of capt.ures in each
column is equal to the average number of neutrons produced per fission minus one. The total captufe energy per
fission is determined, by multiplying the energy per capture for each isotope from Table 2-13 times the number of

captures per fission from Table 2-14 and then summing over all isotopes. The average energy per captu-e is found by
dviding this value by the total number of captures per fission (v - 1). These values are shown in the tottom row of
Table 2-14. Note that the average energy per capture does not appear to be strongly exposure dependert as does the
capture energy per fission in the previous row. This is the primary reason for utilizing the present strategy. The
average of the nine separate values for the average energy per capture is 5.46 = 0,19 MeV. This is the val je which was
adopted for use in the energy per fission calculations at the beginning of this subsection.

Table 2-2
ENERGY RELEASE PER FISSION OF U2 38

Source: R. L. Crowther
(Aug. 1969)

Unik & Gindler (Apr. 1971) Sher (Oct. 1976)

Mass Excess

205.89=0.45

Summation LSQ

Kinetic Energy of Fragments
Mass Excess
Average Beta Energy, E,,
Minus Antineutrinos. -E,.
Prompt Gamma Energy, E,,
Delayed Gamma Energy, E,
Neutrons:

Numoer released. v
Average Energy, EE
Total Energy. vE,

Minus Incident Energy, -Ej
Subtotal

Capture Gammas:
Average Energy, E-,,
"Total Energy. (L,-- 1)E-

Miscellaneous Corrections:
Total , 0

EstItrateo by Crowther

ENOF.S-IV value with N-2N correction
Compr'eci for EBR-1l by Utnik & Gindler

168.5

7.1a

165.9=:2,0 [170.03.=0.66]
206.15=-0.33

10.5-0.6 [8.25 =-0.08]
-11.14=0.11

7.6-1.5 [6.28=0.801
9-0= 1.5 [8.04=0.08]

Systematics

168.4= 1.5

8.25= 0.4

7,7=2.3
8.0=0.4

14.7 =0.9

7.54a
8.0a

2.952
2.0a
5.9
0.0

197.04

2.81 = 0.05 2.8970

5.60=0.16
2.8

191.2-1.0 195.8 195.01--0.34

5.51 =0.1
-3.1 =0.1

194.8 = 1.2

5.46=0.19

10.36= 0.36

205.2

6.53-0.2
11.82-0.5

6.53 0.2
11,82=0.58.58

0.17
205.79

5,46 =0.19

10.36=0.36

205.4= 0.50203.0--1.1 207.6

2-4
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Table 2-3

ENERGY RELEASE PER FISSION OF Pu 2 3,

Source: R. L. Crowther

(Aug. 1969)
Unik 8: Gindler (Apr. 1971) Sher (Oct. 1976)

Kinetic Energy of Fragments

Mass Excess
* Average Beta Energy, E1

Minus Antineutrinos. -E,

Prompt Gamma Energy, Epr,

Delayed Gamma Energy, E,,,
Neutrons:

Number released, v

Average Energy, E•
Total Energy, ,E,

Minus Incident Energy, -E,

Subtotal

Capture Gammas:

Average Ener.gy, Ec.,
Total Energy, (v-1)E,.•

Miscellaneous Corrections:

Total, Q

Estsmated by Crowther
'-ENDF B-lV value

174.8

Mass Excess

207.16=0.21

-8.8t-:0.5

Summation LSQ Systematics

5.58

7.54,
7.0

174.072.0 [175.9=0,11
207,20z-0,33

6.3::0.3 [5.30=0.10]
- 7.15Si: 0.1 1

8.01 =0,94 17.78=0.451

176.0--1.5

5.7 =0.3

6.2--2.0
5.6=0.3

2.89
2.0'
5.8
0.0

200.72

2.880=0.0)09 2.873b

5.87 --0.1 11

0.0
198.4--0.5 :200.98 200.05--0.34

5.9=0.1
0.0

199.4r 1.5

8.58
0.17

209.47

6.53 --0.2 6.53Z0.2
12.26:=0.4 12.26z0.4

210.6=0.7 213.2

5.46=0.19

10.23=0.36

210.3 =0.5

5.46_ 0.19

10.23 :- 0.36

209.6

2-5



NEDO-23729

Table 2-4
ENERGY RELEASE PER FISSION OF Pu 241

Source: R. L. Crowther
(Aug. 1969)

Unik & Gindler (Apr. 1971)

Mass Excess Summation

Sher (Oct. 1976)

LSQ Systematics

Kinetic Energy of Fragments
Mass Excess
Average Beta Energy, Ej
Minus Antineutrinos, -E,
Promot Gamma Energy, E,,
Delayed Gamma Energy, E,

Neutrons:
Number released, i.

Average Energy, E,
Total Energy. v'E,

MinLS Incident Energy. -E,
Subtotal

Capture Gammas:
Average Energy. E,.
Total Energy, (L,-1)E.,

Miscellaneous Corrections:
Total, Q

'Esjrnaled by Crowther

-ENDFi8-.V value

174,0
210.92--0.22.

7.0a
-11.5=0.7

7 .W4

175.6=2.0 [I 75.53= 1.1]
211.00--0.33

8.2=0,4 L_.51 =0.07]
-8.78 = 0.09

7.6= 1.5 [7.86= 1. 21
7.9 = 1.5 .[6.33 =0.07]

175.5::1.5

7.1 =0.04

6.4-=2.0
6.7 =0.4

3.03
2.O0
6.1
0.0

202.64

2.934=0.001

5.85=0.1 5

0.0
199.4=0.7 205.15

6.53-0.2 6.53=0.2
12.63=0.4 12.63_-0.4

212.0=0.8 217.8

2.932"

202.22 --0.33

5.46=0.19
10.55= 0.37

212.8 -0.5

5.99 0. 13
0.0

201.5- =1.1

5.46 0. 19
10.55=0.37

212.1

8.58
0.17

211.39
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Table 2-5

ENERGY RELEASE PER FISSION OF U2 33

Source: R. L. Crowther
(Aug. 1969)

Unik & Gindler (Apr, 1971) Sher (Oct. 1976)

LSQ Systematics

Kinetic Energy of Fragments
Mass Excess
Average Beta Energy. E,3
Minus Antineutrinos, -E,
Prompt Gamma Energy. Et.
Delayed Gamma Energy, E,.
Neutrons:

Number released, L'

Average Energy, E.
Total Energy. vE,

Minus Incident Energy, --E.
Subtotal

Capture Gammas:
Average Energy, Ed.,
Total Energy, (V-1)E.,

Miscellaneous Corrections:
Total, 0

'Est:mated by Crowther

'ENDF'B-IV value

'69.3

Mass Excess

197.99-0.21

-7.8-_0.5

Summation

7.2a

7.54a

7.0'

2.494
1.93

4.8
0.0

195.84

8,58

0.17

204.59

(67.5 --2,.0 [168.68 =0.68j
198. 20=0. 10

5.6=0.3 -5.13--0.041
- 6.91 no. 05

5.9 =1. 3 1'4.99=0.041

169,5: 1.5

5.3=0.2

6.3=2.0
5.1 -0.2

2.487=0.007 2.4980

4.90= 1. 15
0.0

190.2=0,.5 191.50

4.9= 0.1
0.0

19-1.29 7- 0.11

5. 4 6=0.19

8.18 = 0.28

199.5=-0.3

6.53-0.2 B.53=0.2
9.71 --0.3 9.71 =0.3

200.0:=0.6 201.21

191.1 :1.1

5.46=0.19

8.18=0.28

199.3
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Table 2-6
ENERGY RELEASE PER FISSION OF Th232

Source: R. L. Crowther
(Aug. 1969)

Unik & Gindler (Apr. 1971) Sher (Oct. 1976)

LSO SystematicsMass Excess

196.37 = 0.35

Summation

Kinetic Energy of Fragments
Mass Excess
Average Beta Energy. E,,
Minus Antineutrinos. -E
Prompt Gamma Energy. E~p
Delayed Gamma Energy, Ed

Neutrons:
NUmber released. v

Average Energy. E,
Total Energy, ,E,

Minus Incident Energy, -E,
Subtotal

Capture Gammas:
Average Energy, Ec,
TcaldEnergy. (t,-1)E,,

Miscellaneous Corrections:
Total, 0

'Estimatsc,ci ov Crowtner
'ENDF:2-NV value

163.2

7.51

7.54a

8.0'

160.0,2.0 . [162.1l1 .5]

196.95=0.50
9.5-0.5 [8.23 =0.21]

-11.10=0.29
7.6 1.5 [6.15= 1.75]
9.0z 1.5 [8.01 =0.201

162.1-1.5

7.8 =0.4

7.4-=2.0

7.6 = 0.4

-13.3-0.8

2.746

2.01

5.5

0.0

191.74

2.36=-0.07

4.49 = 0.17
-3.0

183.1=0.9 187.59

2.6990

185.85=0.58

5.46 = 0. 19
9.28 0.32

195.1 0.7

4.7 = 0.12
-3.35 = 0.10

186.1 = 1.1

5.46 = 0. 19
9.28=0.32

195.4

6.53 -0.2
8.88 = 0.5

6.53 = 0.2
8.88 = 0.58.58

0.17
200.49 192.0-1.0 196.5
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Table 2.-7
ENERGY RELEASE PEA FISSION OF U734

Source: R. L. Crowther Unik & Gindler (Apr. 1971) Sher (Oct. 1976)
(Aug. 1969)

Mass Excess Summation LSQ Systematics

Kinetic Energy of Fragments 169.4::1.5
Mass Excess
Average Beta Energy, E• 5.8=0.3
Minus Antineutrinos, -E,
P,ompt Gamma Energy, 6.6=2.0
Delayed Gamma Energy, E,, 5.6::--0.3
Neutrons:

Number released, v 2371
Average Energy, Eý
Total Energy, vE, 5.34 -0.1

Minus Incident Energy. - , -2.36.z0.1
Subtotal NAa NA NA NA 190.3::-1.1

Capture Gammas:
Average Energy, Ec. 5.46=0.19
Total Energy, (,-1)EF., 7.49--0.26

Miscellaneous Corrections:
Total Q 197.8 <- 1.1

INA = Not available
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Table 2-8
ENERGY RELEASE PER FISSION OF U2 36

Source: R. L. Crowther Unik & Gindler (Apr. 1971) Sher (Oct. 1976)
(Aug. 1969)

Mass Excess Summation LSQ Systematics

Kinetic Energy of Fragments 168.9 =1.5
Mass Excess
Average Beta Energy, E.ý 7.0=04
Minus Antineutrinos. -E,.'
Prompt Gamma Energy, Ep 7T6=2.0
Delayed Gamma Energy, E,d 6.8=0.4
Neutrons:

Number released, v 2.464
Average Energy, E,
Total Energy, vE " 5.35=0.15

Minus Incident Energy, -E, -2.82=0.1
Subtotal NAa NA NA NA 192.8 = 1..1

Capture Gammas:
Average Energy. Ec, 5.46-=0.19
Total Energy, (V-)Ecv 7.99=0.28

Miscellaneous Corrections:
Total 0 200.8=1.1

'NA :- Not available
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Table 2-9
ENERGY RELEASE PER FISSION OF Pu2

4 0

Source: A. L. Crowther
(Aug. 1969)

Unik & Gindler (Apr. 1971) Sher (Oct. 1976)

Mass Excess Summation LSO Systematics

Kinetic Energy of Fragments
Mass Excess
Average Beta Energy, El
Minus Antineutrinos. -E,.
Prompt Gamma Energy, E:,p
Delayed Gamma Energy. E~d
Neutrons:

Number released, P

Average Energy, E,
Total Energy, PE,,

Minus Incident Energy, -E
Subtotal

Capture Gammas:

Average Energy, E,,
Total Energy, (v-1)E•.

Miscellaneous Corrections:
Total 0

'NA = Not available

206.4--1.6

-10. 1 =:0.6

175,8-l.5

6.1 ,:0.3

5.2.:2.0
6.0 ::0.3

3.17=0.20 3.177

NAa 196.3 =-1.7

6.53-.0.2

14.17:= 1.4

210.5"- 2.2

NA NA

6.70=0,15

-2.39=0.10
197.4= 1.1

5.46 =0.19

11.89=0.41

209.3 :1.2
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Table 2-10
ENERGY RELEASE PER FISSION OF Pu 242

Source: R. L. Crowther
(Aug. 1969)

Unik & Gindler (Apr. 1971) Sher (Oct. 1976)

LSQ SystematicsMass Excess Summation

Kinetic Energy of Fragments
Mass Excess
Average Beta Energy. Ej
Minus Antineutrinos, -7E,.
Prompt Gamma Energy, E,,
Delayed Gamma Energy, E,0
Neutrons:

Number released. v
Average Energy, E,
Total Energy, vE,

Minus incident Energy, -E,
Subtotal

Capture Gammas:
Average Energy, Ec.,.
Total Energy. (z,-1)E,.

Miscellaneous Corrections:
Total Q

'NA = Not available

210.8 =3.2

-12.9=0.8

175.2- 1.5

7 .4=0.4

6.5=2.2

.7.2_-0.4

3.18 =0.40 3.138

NAA 197,9=3.3

6.53--0.2
14.24=2.6

212.1 -4.2

NA NA

6.50=0.15
-2.32=0.1

200.6= 1.1

5.46-0.19
11_67-=0.41

212.3 = 1.2
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Table 2-11
RECOMMENDED VALUES FOR ENERGY RELEASE PER FISSIONSUMMARY OF CURRENT AND

a
Current-

Nuclide GEBLA05
(MeVlfIssion)

U235  
204.4

U2,38 205.8

Pu2a 209.5
Pu 2 ; 211.4
U2

33 198.0
Th2-` 197.0
0 P4 205.8
U23 6  

205.8

Pu 240  205.8

Pu2 4 2  205.8

Table 2-12
FRACTIONAL ENERGY RELEASE PER FISSION IN

Nuclide

Q

Recommended

(M eV/fission)

201.8

205.4

210.3

212.8

195.1

19;'.8

200.8
209-3

212.3

THE FORM OF GAMA RAYS

Normnal

Power

Current (Scatena & Upham. Dec. 1973)

LSQ (Sher, Dec. 1976)
LSQ (Sher. Dec. 1976)

LSQ (Sher. Dec. 1976)

Recommended-Weighted Average

AllI
U235

U238

P u239

0.111

0.10,4
0.120
0.110
0,105

LOCA

0.47
0.493

0.494

0.493
0.493
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Table 2-13
ENERGY RELEASE PER CAPTURE IN SELECTED ISOTOPES

Reaction R. L. Crowther
(MeV/Capture)

Isotope Recommended
(MeV/Capture)

U
2

35

U
23

6

U
2 3

8

Np
237

NpW
39

Pu
239

Pu
2 4 2

Am 
24

1

Am
243

Pu238

Cm
2 4 4

HI

Zr'O

Zre2

Zr34

Z r l
Zr -2
B'),

Gd'55

Gd'5-
015

Control

(n.-/)U236

(n .,y)U2 37(.,37-)N p237

(n.y) U239
( j3-)Np 239(.3- )Pu

2
3
9

(n.y)Np 23 8Iq;3iPu2_3 4

(fl.-y p40)Pu 2  ý0

{fn,)P u241

(n,y)P u242

(n, Vy)P U243 ( j3)Am24
_,

(n.-/)AM 242L .3-)Cm 24

(n,,'v)A M2"(,i3-1Cmz244

(nl.-V)P u 239

(n,/)C m2 .15

(n,.y) H 2

(fl.-)Zr9l
(n,v)Zr 92

(n,v!)Zr 523

(n,vZr 9 5(43- )Nb'5(.i3 -)Moll
(n.-v)Zr97 (,i3-)Nb9 1(.g< )Mo 97

in. .v) L i7

(n.y/)Gd's`

(n.y)O' 7

6.54

5.93

4.80 -1.28 -0.72 =6.80

6.67

6.10
6.39

5.83

6.02
5.46

6.11
6.67

5.55

5.83

2.22

7.19

8.64

6.72

6.47
5.58

7.91

2.79

8.52

7.93

4.14

5

6.54
5.12- C. 35 = 5.47

4.80i-0.46-0C.42 =5.68
5.48-C 46=5.94

5.15 -0.75-0.42- =5.48
6.53
5.24
6.30

5.04-C 18=5.22
5.52-C 23=5.75
5.34-C 48= 5.82

5.65
5.52
2.22
7.20
8.63
6.76

6.47-0.84-C 81=8.12
5.57-1_51 -1 13=8.21

8.16
2.79
'8.53

7.93
4.14
5

,The decay energy of Np239 is subtracted since all captures in U23e were assumed to lead to a decaý of Np235 .
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Table 2-14
NEUTRON CAPTURE RATES AND AVERAGE ENERGY RELEASE

PER CAPTURE FOR TYPICAL FUEL DESIGNS

Bundle:
Exposure (GWd/t):

Captures per
Fission for:

U236

U238

Np
2 37

Np
2
3

Pu
23•

Pu
240

Pu 
2 41

Pu
242

Am 24
1

Am
2 4 3

Pu
238

Cm 244

H!
Zr-2

Gd'17
0,6
Control'

Total (V1)

Total Capture
Energy per
Fission:

Average Energy
per Capture:

Average of All Cases:

TVA
0.0 12.5 25.0

2.33-4Gd(.04)

0.0 9.0

81250
0.0 10.0 20.0 30.0

0.2048
0.0
0.5596
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.1742
0.03433
0.0
0.0
0.0031
0.4901

1.4661

0.1183
0.01127
0.6145

0.0035

0.00024

0.1925

0.1036

0.01419

0.00135

0.00125

0.00013

0.00085

0.0

0.1949

0.03812
0.0

0.0

0.00337

0.1700

0.06919
0.01842
0.7343
0.01046
0.00033
0.2639
0.1930
0.03833
0.00774
0.00454
0.00182
0.00576
0.00014
0.2599
0.04712
0.0
0.0
0.00377
0,0

0.2013
0.0
0.6038

0.0

0.0

0.0

0.0

0.0
0.0

0.0

0.0

0.0

0.0

0.1564

0.05893

0.05049

0.1864

0.00380

0.1920

0,1275
0,00917
0.6322
0.00217
0.00026
0.1714
0.07864
0.00898
0.00064
0.00039
0.00005

-0.00031
0.0
0.1567
0.06097
0.00447
0.00407
0.00405
0.3503

0.21449
0.00109
0,62554
0.0
0.0
0.0
0,0
0.0
0.0
0.0
0.0
0,0
0.0

0.14971
0.04636
0.04498
0,15599
0.00383
0.23026

0.13165
0.01401
0.65304
0.00374
0.00021
0.17645
0.08716
0.00988
0.00091
0.00092
0.00008

0,00069
0.0
0.14960
0.04831
0.00024
0.00103
0.00409
3.35589

0.08675
0.02209
0,70684

0.01033

0.00025

0.23993

0.16097

0.02766

0.00563

0.00400

0.001016

0.00417

0.00008
0.17570

0,05340

0.00044

0.00133
0.00430

0.25369

0.05304

0.02875

0.80056

0,01882

0.00034

0.27867

0.22545

0.4586

0.01514

0.00707

0.00450
0.01171

0.00050
0.20181

0.06092

0.00070

0.00179

0,00486

0.34826

1A4681 1.6587 1.4533 1.61 20 1.4725 1.6371 1.7586 2.1088

7.647 7.864 8.850 8.457 8.767 8.459 3.887 9,558 11.395

5.22 5.36 5.34 5.82 5.44 5.74 5.43 5,43 5.40

5.46-:-.19

tricludes lv absorber. fission products, and other isotopes not listed.
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2.2 DECAY PARAMETERS OF THE ACTINIDES

The two most important actinides for ECCS analyses in low-enriched light water reactors are U23
9 and Np 239. All

other actinides have such long half-lives or exist in such low concentrations that their decay energies are in-
significant.

The half-lives and beta disintegration energies of U2Y9 and Np 2 19 have been taken from the Tabie of Isotopes9 .
They are listed in Tables 2-15 and 2-16. Also present in these tables are details of the various decay modes of each
isotope. taken from the same reference. For each decay mode, with a probability greater than 0.1%. tIne transition
probability is given along with the type of transition, the gamma energy and the maximum beta energy. The ratio of the
average beta energy to the maximum energy has been taken from the taoles of Widman'0 . This quantity is a function of
the maximum beta energy and the charge numberof the daughter nucleus. The right-hand column in Taoles 2-15 and
2-16 contains the average beta energy for the given transition. The gamma energy plus the average beta energy for
each transition is weighted bythe transition probability and summed over all transitions. The resulting ouantity is the
total sensible energy release through beta decay.

A summary of the old and new values for the sensible beta decay energies of U239 and Np2
1
9 are presented in

Table 2-17. The first row gives the values currently in use for ECCS calculations. The second row gives the values in
the ANS5.1 subcommittee's draft for a new decay heat standard 4 The bottom row gives the values which are
recommended for use.

Table 2-15

BETA DECAY PROPERTIES OF U23 9

Half -ife 712 23.5 min.
Decay Constant = X = 4.91 x10- 4 sec-'
Beta Disintegration Energy = 03- = 1,28 MeV

Beta Decay Modes:

Gamma Maximum Beta AverageiMaximum Average Beta
Transition Type of Energy Energy, E Energy Energy, E
Probability Transition (MeV) (MeV) (MeV) (MeV)

0.80 Non-Unique 0.07467 1.21 0.329 0.398
Ist Forbidden

0.20 Allowed 0.0 1.28 0.332 0.425
Average 0.060 0.403

Total Sensible Energy Release 0.463 MeV
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Table 2-16
BETA DECAY PROPERTIES OF Np 2 39

Half Life = 7! 2 = 2.35 days

Decay Constant = X = 3,41 x 10-6 sec
Beta Disintegration Energy = 0, - 0.723 MeV

Beta Decay Modes;

Gamma Maximum Beta Average/Maximum Average Beta
Transition Type of Energy Energy, E Energy Energy, E

Probability' Transition (MeV) (MeV) (MeV) (MeV)

0.01 Allowed 0.512 0.211 0.272. 0.057
0.32 Non-Unique

1st forbidden 0.392 0.331 0.282 0,093
0.07 Allowed 0.330 0.393 0.286 0.112
0.48 Allowed 0.286 0,437 0.289 0.126
0.051 fAllowed 0.076 0.647 0.3C2 0.195

,Allowed 0.057 0.666 0.2.C3 0.202
0.07 Allowed 0.008 0.715 0.3C6 0.219
Average 0.295 0,124

Total Sensible Energy Release = 0.419 MeV

Transitions with probabilities tess than 0.1% have been ignored.

Eacn of these two transitions is assumed lo be equally liieiy. i.e. to nave a transition prouoability ol (0 025.

Table 2-17
COMPARISON OF OLD AND NEW VALUES FOR THE SENSIBLE BETA DECAY ENERGIES OF U239 AND Np239

(MeV) (MeV)

U1139  Np239
Current Value 0,456 0.434
Draft ANS-5.1 0.474 0.419
Recommended 0.463 0.419
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3. NUCLEAR ENERGY SOURCES

Subsection 3.1 of this section is concerned with the identification and quant-fication of all possible nuclear

sources of heat in a nuclear reactor during a loss-of-ccolant accident (LOCA). Subsection 3,2 is a series of

specifications for combining these sources of heat into decay heat curves for use in ECCS analyses. Three decay heat
mcdels will be considered. The first is the model currently in use". The secont is an improvement of the current

model which is still consistent with -he current ANS-5 decay heat standard2 ,3. The third and final model is a more

elaborate method which is based on the ANS-5.1 subcommittee's draft of a proposed new standard4 .

3.1 EVALUATION OF ENERGY SOURCES

There are four potential nuclear energy sources in a reactor following shutdown: decay heat from fission

products, decay heat from actinides, fission heat induced by delayed neutrons, and decay heat from structural

materials. Each of these energy sources will be considered in a separate subsection.

3.1.1 Decay Heat from Fission Products

The decay heat from fission products may be evaluated either from an experiment or through a calculation

based on fission yields and decay data. In either case, the results consist of the power (MeV per second) as a function
o! time after shutdown divided by the fission rate (fissions per second) prior to shutdown. In order to relate this to a
meaningful quantity for ECCS analysis, such as the ratio of the power as a funct~on o` time to the nitial power, it is
necessary to divide the experimental or calculated curves by O, the average energyi per fission prior to shutdown. This

has the effect of relating the decay heat per fission to the actual fission rate in -,he reactor.

The current standard for decay heat which is used for ECCS calculations was formulated by the ANS-5

subcommittee of the ANS Standaros Committee•z. This standard, which will be referred to hereafter as the ANS-5
standard, is reproduced in Table 3-1. The first column of this table is the time in seconds after shutdown. This is
followed by the relative power P(t)!P(oJ in column two. The relative power was computed by the standards subcom-
mittee by arbitrarily assuming that 0 was equal to 200 MeVifission. However, as it was pointed out in Section 2.0d is
not exactly equal to this value. and in fact it is a function of the exposure of the reactor fuel. In order to produce a more
realistic decay heat curve it is therefore necessaryto remove the arbitrary factor of 200 MeVifission. In column three of
Table 3-1, the ANS-5 standard has been converted to the more rational MeV per fission curve by multiplying the

relative power by 200 MeV/fission. This decay heat curve will be denoted by D,(t,x) where t is the time in seconds after
shutdown and the argument x denotes that the curve assumes an infinite reactor operating time.

The ANS-5 standard is currently under review for possible revision. The ANS-5.1 subcommittee has released a

draft of a proposed new standard4 , This new standard recognizes that the decay heat produced by different
fissionable isotopes is significantly different and therefore provides separate curves for the isotopes U2'1. U238 . and
PL*-12 . These curves are reproduced in Tables 3-2, 3-3, and 3-4. respectively. The no:atior Dpj(t.-) is used to denote the

decay heat in units of MeV per fission for isotope i at t seconds after shutdown. The reactor operating time is assumed
to be infinite as before. The index i equal to 1 represents U215 while values of 2 and 3 are used for U2

11 and Pu 2ll.

respectively.

3.1.2 Decay Heat from Actinides

There are only two actinides which are of importance to decay heat calculation.s in low-enrichec ;ight water
reactors: U239 and Np 239 , All other actinides have such low densities or long half-lives that their contribution to decay

heat is completely negligible. What follows is a straightforward derivation of the contribution of UJ239 and Np'39 to

decay heat.

3-1



NEDO-23729

Table 3-1
TABULAR DATA FOR THE ANS-5 (OCTOBER 1973) STANDARD DECAY

REACTOR OPERATING TIME
HEAT POWER FOR INFINITE

Time 'After
Shutdown,

t(sec)

lxIo/0
I (100

2"x 100
4x 00

6;: 00

8,< 100
1 x 10'

2x 101

4< 101
6x 101

8x 10'
1 :< 102

2. 102
4x10

2

6x 102
8X 102

I x 10-3

2,,,103
4x 103

65 101

8x 103
1 x 10'

2\ 10'
4x 10'

Relative
Power,

P(t)/P(O)

6.75x 10-2

6.25x 10.2
5.90x 10-2

5.52x 10-2

5.33x 10 2

5.12x 10-2
5OOx 10-2

4.50x 10-2

3.96 x 10-2

3.65x 10-2

3.46x 10-2
3.31 x 10-2

2,75x 10-2

2.35x 10 -2

2.11 X10-2

1.96 x 10"-
1.85 x 10-2

1.57x10,

1.28x 10. 2

1.12 xl10-2
1.05x 10-2

9.65x 10-1
7.95x 10-3

6.25x 10-3

Decay Heat,
Ds(t,c)

(MeV/fission)

1 .350x 10'
1 250"< 10'
1.180x 10,
1.104x 10'

1.066x 10'

1.024 x 101
1.boox 101

9.000 x 100

7.920 x 100

7.300 x 100

6.920 x 100

6.620'x 100

5.500x 100

4.700x 100

4.220x 100

3.920 x 100

3. 700 x 100

3.140x 100

2.560 x 100
2.240 x 100
2.100 x 100

1 .930 x 100

1 590 x 100

1.250 x 100

Time After
Shutdown,

t(sec)

6 .< 10'
8x 10'
1 . 10'

2x 105
4x105

6K105

8x 101
1 106

2;'106
4 106

6x 105
8x 106
1 X107

2 < 10'
4x10'

6 x 10'
8x 10'
1 x< 10"

2 < 101
4x 1-0

6;x 103
8<108

1 <10"9

Relative
Power,
P(t)jP(O)

5.66 x 10 -
5.05/10-1
4.75x 10-3
4.00/10-3

3.39x 10-`
3.1Ox 10--

2.82x 10-1

2.67x 10-3

2.15 :'1 0-
1.66 < 10-1
1.43x 10-1
1 30/ 10-3

1.17x10-1

8.90x 10-'

6.80 x 10-4

6.20 .' 10 '
5-70:> 10-4
5.50., 10'

4.85, 10"-
4.15,, 10-

3.60,. 10-4
3.03;, 10-
2.67 '10-4

Decay Heat,
D,(t,x)

(MeV/fission)

I. 132x 100
1.i1Ox 100

9.500/10-1
8.)00x 10-
6. '80x 10"-
6.200x 10-'
5.340 y 10-"
5.340'x 10'
4. 300/: 10-'
3.320/ 10-1
2.360>' 10-'
2.'00x 10-'
2.340/ 10-
1.780 t10-'

1.360,< 10-1
1.240/ 10-'
1. 40x 10-
1 00/, 10-
9.700,. 10-2

8.300, 10 -2
7.200x 10-2
6.)60x 10 2

5.340/ 10-i

3-2
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Table 3-2
PROPOSED (ANS-5.1) TABULAR DATA FOR STANDARD DECAY HEAT POWER FOR THERMAL FISSION

OF U2 35 AND FOR IRRADIATION OF 1X1013 SEC

Time After
Shutdown,

t(sec)

1.0000 ×x 100
1. 5000 x 100
2.0000 x 100

4.0000x 100
6.0000x 100

8.0000 x 102
1.0000 x 10'
1.5000 x 101
2.0000x 10'
4.0000x10'

6.0000x 10'
8.0000 x 10'
t.0000 x 102
1. 5000 X 102

2.0000 x 102

4,0000x 102
6.0000 x 102

8.0000 x 102
1.O0000 x 103
1.5000 x 10j

2.0000 x 103
4.0000 x 103
6.0000 x 102

'8.0000 x' 03
1.OOO0X 104

1.5000 x 1040

2.0000 x 101
4.0000>x 104
6,0000 xK 101

8.0000 x 101

Decay Heat Power,

DI, (t,x)

(MeVlfission)r

1.231 x 10'

1.198× 10'
1.169× 10'

1.083 x 10'

1.026x 10'

9.830 x 100
9.494 x 100

8.882 x 100

8,455 x 100

7.459 x 10)

6.888 x 100

6.493 x 100

6.198 x 101

5,696 x I 0>

5.369×x 10"

4.667x 10W
4.282 x 101

4.009 x 10)

3.796.< 101
3.408>x 10'

3.137 x 10'

2.534 x 10'

2.234 x 10c

2.044 x 100
1. 908 x 100

1.685 x 10'

1.545 x 100

1.258 x 10>

1.01173x100
1.030 x, i 0c

One Sigma
Uncertainty

;Dp (tg,)

(MeV/fission)'

0.040 x 10 '
0.032 x 10'
0.028x210

0.023x10'
0.021 x 101

0. 198>x 100
0.187× 100
0 170x 100

0. 159 x 10Q
0.137x 100

0.125 x 10'
0. 118x100
0.112x100
0.103× 100
0.097 x 100

0.083 x 100
0.076 x 100

0.071 x 101
0.067 x 100

0.060x 100

0.055 x 10W
0.1345 x 100

0.1339 x 10(
0,036 x 100

0.033.:< 100

0.030 x 10>
3.027 x 101
0.023x 100
0.021 x 100
0.020 x 10W

Percent
Uncertainty

3.3
2.7
2.4
2.2

2.1

2.0
2.0
1.9
1.9
1.8

1.8
.1.8
1.8
1.8
1.8

1.8
1.8
1.8
1.8
1.8

1,8

1.8

1.7
1.7

1.7

1.8
1.8
1.9

1.9

2.0
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Table 3-2 (Continued)
PROPOSED (ANS-5.1) TABULAR DATA FOR STANDARD DECAY HEAT POWER FOR THERMAL FISSION

OF U23s AND FOR IRRADIATION OF 1 1013 SEC

Time After
Shutdown,

t(sec)

1.0000 > 105
1.5000x 101
2.0000x 101
4.0000)< 105
6.0000x 105

8.0000,< 105
1.0000 x 106
1.5000> 106

2.0000x 106
4.0000/ ×106

6.0000> 106
8.0000 x 106
1.0000× 107

1.5000 x 101
2.0000 x 101

4.0000> 10'
6.0000,× 101
8.000ox 10,
1.0000 x 101
1.5000o 106

2.0000 < 101
4.0000 x 101
6.0000x 108
8.0000 x 108
1.0000 x 109

Decay Heat Power,
D1. (t,x)

(MeV!fission)a

9.691 x 10-'
8.734x 10-1
8.154x 10-1
6.975× 10-'
6.331 y 10-'

5.868x10-'
5.509 x 10-'
4.866x10-1
4.425 x 10-'

3.457x 10-1

2.983x10-'
2.680x 10-1

2.457>, 10-'
2.078x 10-1
1.846x 10-'

1.457x 10-'
1.308 x 10-'
1.222x 10-'

1.165x 10`
1.082x 10-'

1.032x 10-1
8.836> 10-2
7.613x 10-1

6.570x 10-2

5.678 x 10-2

One Sigma
Uncertainty

Dp, (t,x),
(MeV/fission)a

0.194x10-'
0.175x10-'
0.163x 10-'
0,140x-10-
0,127x 10-'

0117x 10-
0 110x10-'
0.097x10-'
0.089> 10-'
0.069 10-'.

0.060x-10-'
0.054>10-'
0.049x 10-
0,042x 10-'
0.037x 10-•

0.029x 10-ý
0.026x 10-
0.024x 10-1
0.023x 10-'
0.022> 10-'

0.021 • 10-'
0.177x 10-2

0.152x 10-2
0.131 X 10-2

0.114x 10-2

Percent
Uncertainty

2.0
2.0
2.0
2.0
2.0

2.0
2.0
2.0
2.0
2.0

2.0
2.0
2.0
2.0
2.0

2.0
2.0
2.0
2.0
2.0

2.0
2.0
2.0
2.0
2.0

•MeV-fissjon is a contraction of MeVs
fission,s

'Data for t greater than 104 are provided solely for use in Equations 3.45 and 3.46. They are not to 'De interpreted
as standard decay heat values at these times.
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Table 3-3
PROPOSED (ANS-5.1I

TABULAR DATA FOR STANDARD DECAY HEAT POWER FOR FAST FISSION OF U
2 3 8 AND FOR

IRRADIATION OF 10 13 SEC

Time After
Shutdown,

t(sec)

1.0x 100
1.5x100

2.0x 100
4.0x 100
6.0x 100

8.0x 100
1.0x 101
1.5x 10'
2.0x 10'
4.Ox 101

6.0x101
8.0x 10'
1.0:l" 102

1.5x 102

2.0x 102

4.Ox 102

6.0x10(2

8.0x 102
1.0< 103

1.5-< 10'

2.Ox 10'
4.0x 103
6.0/ 103
8.Ox 103

1.0x 10"

1.5x 104b

2.Ox 10"

4.0x 10'
6.0x 10!
8.0<x 104

Decay Heat Power,

(MeV/fission)4

1.419x 10'
1.361 x 10'
1,316x 10'
1.196x 10'
1.123x 101

1.070x 10'
1.029x 101

9.546 x 100
9.012x 100
7.755 x 100

7.052x 100
6.572x100
6.217,' 100
5.621 x 100
5.241 x 100

4.464x 100
4.072x 100
3.804 x 100
3.598× 100
3.220'x 100

2.954 x 100
2.366 x 100
2.078,/, 100
!.901 x 100
1.777x 100

1.578 x 100
1-455 x 100
1.204x 100
1.077x 100
9.955x 10-1

One Sigma
Uncertainty,

DP 2(tx)

(MeV/fission)

0.176×10

0.164x101
"0,154x 101
0.130x 10'
0.1 15x10'

0. 105: ' 10"
0.098x 10O
0.855 . 100

C1.758 x 100
C. 560 x 100

0.463x 100
C'.405x 100
0.367 x 10c
0.317:x 101
0.281 x 101

0,229x 100
0. 205.x 102
0.189k 100
0.177 100
0.157< 100

0.142<100
0.111 x 100

0.095 x 100
0.085 < 100
0.078 x 100

0.068 x 100
3.061 / I 0"
0.049 x 100
0.043 x 100
0,3921: 10-1

Percent

Uncertainty

12.0

12.0

12.0

11.0

10.0

9.9

9.5

9.0

8.4

7.2

6.6

6.2

5.9
5.6

5.4

5.1

5.0
5.0

4.9
"49

4.8

4.7

4.6

4.5

4.4

4.3

4.2
4.1

4.0
3.9
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Table 3-3 (Continued)
PROPOSED (ANS-5.1)

STANDARD DECAY HEAT POWER FOR FAST FISSION OF U238 AND FOR
IRRADIATION OF 1013 SEC

TABULAR DATA FOR

Time After

Shutdown

t(sec)

1.0× 105
1.5x 105

2.0 x 105

4.0x 105

6.0< 101

8.&0A 101

1.0× 106

1.5>" 106

2.0>x 106

4.0> 106

6.0x 106

8.0x 106
1.0x 107

1.5x 101

2.0x 107

4.0>' 107

6.0>' 101
8.0, 107

1.0ox 106

1.5' 106

2.0.x 106
4.0x 108

6.0 x 101
8.0<o 108
1.0 x 109

Decay Heat Power,

(Me Vfissiona)

9.383x 10-'

8.459>x 10-'.

7.884>x 10-'

6.673x 10-'

6.002x 10-'

5.530x 10-'

5 171,-, 10-1

4.544x 10-1

4 125x-10 '

3 224x 10-1

2 784x 10-'

2.503x 10-1

2 296x 10-1

1 941 ;> 10-1

1 717x10-'

1 299'10-"
1.113x10-1

1.001 x 10-'

9.280 ×x 10-2

8.307 x 10-2

7.810> t10-2

6.647>/ 10-2

5.746 x 10-2

4.979x 10-2

4.321 < 10-2

One Sigma
Uncertainty

D" 2(t-xr)
(MeVIfission)

0.366 x 10-
0.327>x 10-'
0.303>x 10-
0.258>x 10-'
0.233x 10-<

0.216x 10-
0.204x 10'
0.180x 10-'
0.165 x 10-'
0.132> x10-1

0.117 > 10-'
0.107x 10-'
0.101 x'10"
0.086x 10-1
0.0760x'10-

0.0604x 10-I
0.053 x 10-1
0.049x 10-1

0.464 x 10 -1

0A415× 10-2

0.391 X 10-2

0.332>- 10-2

0.287,,:10.?
0.249x< 102
0.216>x 10-2

Percent
Uncertainty

3.9

3.9
3.8
3.9
3.9

3.9

3.9
4.0
4.0
4.1

4.2
4.3
4.4
4.4
4.5

4.6
4.7
4.9
5.0
5.0

5.0
5.0
5.0
5.0
5.0

ýMeV fission is a contraction of MeVs
fission's

'Data for t greater than 10' are provided solely for use in Equations 3.45 and 3.46. They are not to be interpreted
as standard decay heat values at these times.
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Table 3-4

PROPOSED (ANS-5.1)

TABULAR DATA FOR STANDARD DECAY HEAT POWER FOR THERMAL FISSION OF Pu 2 39 AND FOR

IRRADIATION OF 1013 SEC

Time After
Shutdown,

t(sec)

1.0x100
1, 5x 100
2.Ox 100
4.0x100
6,Ox 100

8.0x 100
1.0x 10'
1.5x 10'
2.0x 101
4.Ox 101

6.0' 10'
8.0x 10'
1.0x102

1.5x 102

2.Ox 102

4.0x 102
6.Ox 102
8.0x102
1.0 x 103

1.5X 103

2.0x 103
4.0× 101
6.0x 103
8.0x 103

1.0 × 104

1.5x 104,

2.0x 104

4.0x 104

6.0 x 10'
8.0, 104

Decay Heat Power,

OD3(t,x)

(MeV/fission)a

9.534 x 100

9.349x 100

9.195x 100

8.740x 100

8.422 x 100

8.173x100

7.969x 100

7.572 x 100

7.274 x 100

6.522 x 10,

6.064 x 102
5.737 x 10)

5.487 x 10.1

5.049 x 101

4.760× 100

4.138x 100
3.799x 100

3.559x 100

3.371 x 100

3.024 x 10'

2.780x 100

2.242 x 100
1.979 y 100
1,820 x 100

1,709x 100

1.533x 100

1.425 x 100

1.196x 100

1,076x 100

9.972x 10-

One Sigma
Uncertainty,

Dp3(t,-)
(MeV/fission)

1.030 x 100

0.986 x 100

0.946x 100
0.851 x 100

0.789 x 100

0. 744 x 100

0. 707 x 100
0.644 x 100

0.591 x 100

0.477x 100

0.416x 100
0.377x ×100

0.349 x 100
0.311 x 10 0

0.283 x 100

0.238x 100
0.216x 100

0.201 x 103
0.189x 100

0.167x10"

0.152 x 100

0.117x 100

0.098 x 100
0.o87 x 100

0.080 x 100

0.069x 100

0. 062 x 100
0.050 100
0.044 x 10-
0.406x 10"'

Percent
Uncertainty

11.0
11.0
10.0
9.7
9.4

9.1

8.9
8.5
8.1
7T3

6.9
6.6
6.4
6.2
5.9

5.8
5.7
5.6
5.6
5.5

5.5
5.2
5.0
4.8
4.7

4.5
4.4

4,2
4.1
4.1
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Table 3-4 (Continued)
PROPOSED (ANS-5.1)

TABULAR DATA FOR STANDARD DECAY HEAT POWER FOR THERMAL
IRRADIATION OF 1013 SEC

FISSION OF Pu 2 39 AND FOR

Time After
Shutdown,

t(sec)

1.0x 10s
15x 10"

2.Ox 105
4.0x 10W
6.0x 10'

8.0 x< 10'
1.0".101
1.5' 106
2.0> 106
4.0x106

6.0x 106

8.0x 10'
1 0> 10'
1.5:A 10 '
2.0" 101

4.0x 10'
6.Ox 10'
8.0> 10'
1.0x 10'
.5x 101

2.0 x 101
4.0x 108
6.Ox 10W
8.0x 108
1.0ý: 10'

Decay Heat Power,
DP3(t,X)

(MeV/fission)a

9.408x 10-1

8.477x 10-<
7.888> 10-'
6.634x 10-'
5.943x 10-'

5.461 x 10-
5.096.,x 10'
4.463x 10-'
4,045> 10-'
3.163x 10-'

2.742x 10-"
2.477 x 10-'
2.282x 10-1
1.945x 10-1
1.728x 10-'

1.302x 10-'
1.099x 10-1
9.741 X 10-2

8.931 X 10-2

7.858 x 10-

7.344x 10-i
6.268 x 10-2
5.466 x 10-2

4.782x 10-2

4.195x 10-2

One Sigma
Uncertainty,

Dp3(t, x)
(MeV/fission)

0.378x 10-'
0.336 x 10-'
0.309x 10-1
0.258 x 10-1
0.231 x 10-1

0.213x 10-
0.199x 10-'
0.176x10 '
0.160x10-
0.128x10-'

0.114x-10-.'
0.105x 10-
0.099x 10-'
0.085> 10-'
0.076x 10-7

0.059x 10-'
0.052x 10"
0.473x 10-,2
0.447x 10-2

0.393x 10-2

0.367x 10-2
0.313x10-?
0.273x 10-2
0.239x10-2
0.210x 10-2

Percent

Uncertainty

4.0

4.0

3.9

3.9

3.9

3.9
3.9

3.9

4.0

4.1

4.1

4.2

4.3

4.4

4.4

4.6

4.7

4.9

5.0

5.0

5.0

5.0

5.0

5.0

5.0

'MeV fission is a contraction of MeVfss
fission,,s

'Data for t greater than 101 are provided solely for use in Equations 3.45 and 3.46. They are not to oe interpreted
as standard decay heat values at these times.
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Let NU(t) be the atom density in atoms/b-cm of U2W39 at time tin seconds after the startup of the reactor. Likewise

let NNjt) be the atom density of Np239. These quantities are determined by linear, first-order differential equations:

d" t)- (A= -oau4) Nu (3-1)

dt

dN, -() uN - (XN - a'-RN) NN (3-2)
dt

where xv and X., are the decay constants in sec of U23' and Np234, fyau and f-,, are the absorption cross sections in barns. 6b-.s

the thermal flux in neutrons/cm2 - sec and , is the macroscopic capture cross section'of U23
8.

The initial conditions specify that the atom densities are zero at the time of startup:

NU(O) = N,(O) = 0 13-3`1

It is conservatively assumed that the absorption cross sections of both isotopes are? zero. This maximizes the

concentrations at the time of shutdown. Multiplying the first equation by e-jtand rearranging:

-5 (e 'ut N.(t) ) = • eb e ,ut (3-4)

dt

Similarly: d (e,•Nt N ,(t) ) N Nue •Nt (3-5)

dt

The solutions of these equations consist of a general solution to the homogeneous equation and a particular solution

to [he inhomogeneous equation:

Nu(t) = Nu(o)e-Xut - j8b dt'e0A -t (3-6)

fo,
NN(t) N, (o)e e -X"t x- ,j " dt' Nu(t')e'\N -t'ri (3-7)

Le! t =T be the reactor operating time. Then emoloying the initial conditions and performing the integrations:

Nu(T) = { e-T} 13-8)

NN(T) = Z-X, { 1 Au. e-ANT A+ A e-NT} (3-9,

Now let t be the time after shutdown. The differential equations governing the densities are obtained from the

previous set by simply setting the flux equal to zero:

dNu(t)
dt AuNu (3-10)

dN, (t)
dt XUNu - A, NN

3-9
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The initial conditions are simply the values of the densities at the time of shutdown. Transforming the equations as

before;

d (eXkt Nu(t) = 0 (3-12)
dt

d- (eXNt N.(t)) = \,Nu exNt (3-13)
dt

The scIutions of these equations are:

Nu(t) = Nu(o)e-xut (3-14)t
NN(t) = NN(o) e-At x uNu(O) ft dt' e6A -,\u1- ,•t

= N,(o) e -"Xt XuNu(o) {e -Xt e- Aut,} (3-15)

Substituting the expressions for the nitial values:

NU(t) " [1-e-\url e-Au(

NN(t) 1b X• e -N- e ANe- -uT ] e-kN

U•_AN [1 -e-xU'] [e-A•t- e-Xut }

X- e. -X- - e- ,ko.t -e -'utl
A.8b{U-AN eA ]e

AN [ XT] eXut }(3-17)

The total power released by the actinides as a function of the time t after shutdown can row be easily
computed. Let this quantity be D,(t.T) where T is the irradiation time or equivalently the reactor opera-ing time. The
decay rates of the actinides are equal to ,uNv(t) and ,NNN(t). Multiplying these quantities by their respeztive sensible
energy release per decay (from Table 2-17) and then dividing by the fission rate in the reactor prior to shutdown.
results in the energy release per fission:

DA(t.T) = QuAuNu(t) QNANNt) (3-18)1, 6

where :f is the fission cross section. It is very convenient to write this result in terms of a parameter C v.hich is only a
f-unction of the reactor):

C= 3-19)

3-10
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and a function A(t.T) which only depends on the physical properties of the actinides:

A(t,T) = 0, [1--e--',T] e -XUZ

4. Q,, X,\u A-- e AN,• ~

A, -- e--uT e-u } 
(3-20)XU-AN

Then

DA(t.T) C.A(t,T) (3-21)

Note that in the case of an infinite irradiation time T = 2 A(t,T) reduces to:

A(t.•) e -Q ue-e {+ QNxl-- e

XA e ' (3-22)Au J

3.1.3 Delayed Neutron Induced Fission Heat

When a reactor shuts down either during normal or accident conditions, the power level does not drop im-
mediately to aro. Instead it decays away with time due to fissions caused by delayed neutrons. The decay rate is
determined by the physical properties of the reactor fuel and by the magnitude of the negative reactivity insertion.
During a LOCA there are two main sources of negative reactivity: voic feedback whicn begins immediately and con-
irol rod insertion which is delayed for a short period due to :nstrument response and the inertia of the control rods.

The current method for determining the decay of the fission heat is a computer code SCARED. SCARED is
based on a one-dimensional coupled nuclear and thermal-hydraulic model. It uses a single neutron energy group
and makes the prompt jump approximation. The thermal-hydraulic model is identcal ro the model in the SCAT code.
Further details about the SCARED model and its application may be found in pages 1-10 to 1-35 of General Electric
Company Analytical Model for Loss-of-Coolant Analysis in Accordance with 10 CFR 50, Appendix K". On the basis
of a number of SCARED analyses, it was concluded that the fission rate decay of a BWR/6 reactor was the most
conservative. Physically. this is due to a slower blowdown rate which induces a smaller void feedback reactivity than
for other plants. The BWR/6 results are presented in tabular form in Table 3-5.

An independent review has concluded that the current model is likely to be overconservative by approxi-
mately 10c to 40'F in peak cladding temperature. This is due in part to recent improvements in the methods for c'om-
puting void feedback and in part to the fact that a single curve is used to represent all olants, small as well as large.
However, until such time as a more advanced theoretical model becomes available, it is recommended that Table
3-5 be used for all ECCS analyses.

3.1.4 Decay Heat from Structural Materials

Decay heat produced by neutron activation of structural materials is a potential source of heat during a LOCA.
However, it will be shown in this subsection that such heat sources are extremely small and may be safely neglected.
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The principal structural material in a BWR core is zirconium. (Stainless steel is present in the cortrol rods. but
the control rods are normally only partially inserted and in addition are subject to tow neutron flux levels.) Table 3-6
lists the stable isotopes of zirconium and gives their fractional abundance, thermal cross section, and resonance
integrals 2 . In the far right hand column is the decay energy of the activated products of a neutron capture event in
the inaicated isotope. These decay energies are consistent with Table 2-13 and do not include the energy of antineu-
trinos. The total decay power is related to the relative capture rate r:, among the individual isotopes. r, may be com-
puted as follows:

r f; [ U'h, Ri (3-23)

where fi is the fractional abundance of isotope i, (Fr is the thermal cross section, ri is the resonance integral. 6. is the
thermal flux. 6,,, is the resonance flux, and Es and El, are the upper limits of the resonance and thermal groups.
respectively. The decay heat power P2, at the time of shutdown may be computed as follows:

5

.Q, r,

PZ, = R 51 (3-24)
5

where R is the ratio of captures in zirconium to fissions in the reactor prior to shutdown, and 0; is the decay energy
for isctope i.

Reoresentative values for the reactor-dependent quantities were obtained from the reload bundle 80250 at
40% voids and 10 GWd, t:

-- 1.4721

E = 0.683 eV (3-25)
E,e= 5.53x 103 eV

R = 0.0483

Using :hese values and the constants from Table 3-6 results in a decay power of:

PZr = 0.013 MeV~fission (3-26)

This is almost three orders of magnitude less than the decay heat from fission products and may therefore be neglected.
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Table 3.5
RELATIVE FISSION RATE AFTER LOCA

Time After Relative
Shutdown, Fission Rate,

t(sec) F(t)
0.0 1.000
0.1 0.982
0.2 0.920
0.4 0.724
0.6 0.559
0.8 0.457
1.0 0.293
2.0 0.101
3.0 0.378 x 10-1
4.0 0.191 x 10 1

5.0 0.109 x 10..
6.0 0.834 x 10-2

7.0 0.744 x 10-2
8.0 0.600 x 10.2
9.0 0.460 x 10 •

10.0 0.3:30 x 102
20.0 0.130 x 10-2

30.0 0.900 x 10-1
40.0 0.500 x 10-1
50.0 0.400 x 10-5
60.0 0.290 x 10-1

Table 3.6
PROPERTIES OF ZIRCONIUM ISOTOPES

Fractional Thermal Resonance Decay
Atomic Abundance, Cross Section,. Integral, Energy,
Number fI Tr; Rý Q,(MeV)

90 0.514 0.03 0.2 0.0
91 0.112 1.1 5. 0.0
92 0.171 0.2 0.6 0.0
94 0.175 0.055 0.3 1.65
96 0.028 0.02 5. 2.64
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3.2 SPECIFICATIONS FOR DECAY HEAT MODELS

The energy sources described in the previous subsection must be combined together to form a decay heat
curve 'or use in ECCS calculations. This is a relatively straightforward process. Nevertheless, three c'stinct decay
heat models must be presented. The first will be the model currently in use. The second model will be an improved
version of the current model with greater technical accuracy and justification, but still based upon the current ANS-5
decay reat standard2 .•. The third and final model will be based on the revised standard proposed bý the ANS-5.1
working group 4 .

The most convenient way of expressing a decay heat curve is in.terms of power relative to the rower prior to
shutdown:

P(t)
R(t) = P(t) (3-27)

wnere t is the time after shutdown.

The numerator is determined by multiplying the decay heat power, D(t). (measured in Me V/fission) by the fission rate
in the reactor:

P(t) = D(t) L 6b (3-28)

The initial power is also proportional to the fission rate:

P(o) Qif 6 (3-29)

where 0 is the average energy release per fission, Then

Rt) D(t)
R(t) = 0) (3-30)

since the fission rate cancels out. D(t) is simply the sum of the energy sources mentioned in the previous section:

R (t) = U-.0(tx) - C.A(tx) - a*F(t) (3-31)

where, as before. D51(t,-) is the current ANS-5 decay heat energy per fission for an infinite reactor ooerating time
(Table 3-i), A(t,c) is the actinidle contribution (Equation 3-22) and F(t) is the, relative fission rate (Table 3-5). The con-
stant U is a conservative factor intended to ensure that the decay heat is not underestimated due tc a bias in the
decay heat experiments. The value of this constant is currently fixed by 100FR50 Appendix K' at the value of 1.2.
C is the actinidle normalization constant as before and "a" is a constant which is necessary to ensure that the initial
relative power. R(o), is equal to one. In other words, the contribution from direct fission sources is found by sub-
tracting out the decay heat sources at time zero;

R(t) 1 •--U%(L.i-.OCA(tc)- [-Q UoD,,(o.x) -CA(o.) Fit)3-32)

For the purpose of understanding the current decay heat model, Model 1. which will be denoted by R8(t). it is
necessary to generalize this model as follows:

U.D5(t.x), C.Ailt.) - 1 U.05 (o.x) C'A(ox)-F 333)
R,(t) 1 F.)(-3
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where 0' and 0" are separate constants for the normalization of the fission product arid actinide contributions. The
current value of 0" is 207.3 MeVifission. which was chosen to be representative of an equilibrium cycle. Originally.
it was intended that this value be used for Q' also. However, the ANS-5 standard 3 requires that a value different from
the nominal and conservative value of 200 MeV/fission be adequately justified. The Nuclear Regulatory Commission
has concluded that the higher value was not, in fact, adequately justified and therefore the value 0'=200 MeVifission
is currently used. Also used in the current decay heat model is the value of 0.68 for t;ne actinide normalization con-
stant. The values for the sensible energy releases for the decay of thte actinides are as presented as the 'current
values" in Table 2-17.

The second decay heat model is intended to resolve the problems associated :with the energy per fission
values and to improve the technical validity of the calculations. To this end. the reactor-dependent quantities 0 and
C are now evaluated as functions of exposure. The relative oower for this model. R,(t E), is evaluated as follows:

Adt,E) = 1 [U.Os(t.31 + C(E).A(t,x) 6 ((E) -- U.0 5,(o..)-, F.~oc ) Ft) ](3-34)Q(E)L

The actinide decay energies for this model are the "recommended' values given in Table 2-17. It is assumed
in this model as in Model I, that the actinide contribution is computed on the basis of an infinite irradiation period.
This is not a direct requirement o.f 10CFR50 Appendix K'. However, the difference is very small since the actinides
saturate very rapidly (within a few days). Therefore, it is.convenient and conservative as well to assume an infinite
irradiation period.

The average energy per fission is calculated by weighting the energy release for each isotope, Q., by its fracý
tional contribution ft(E) to total fissions:

3

0 (E) = Oj f (E) (3-35)

3

wt'ere f, (E) = 1,
i'=1

The summation is carried out only for the principal isotopes: U323 (i= 1), U111 (i=2) and Pu2 " (i=3)- The value of,
Q, for each isotope is taken to be its recommended value from Table 2-11. Fissions in Pul" are included with those
of .Du239 because of the strong similarity between the two isotopes. This is a conservative assumption since the energy
per fission for Pu 24' is higher than for Pu 239. This causes the decay heat to be slightly nigher when Pu2 -' is lumped
with Pu 239 than when they are considered separately. Fissions in all other isotopes beyond the four already men-
tioned are included with U231. Ordinarily these fissions account for only a fraction of 1% of the total fissions. As a
direct result of this latter assumption the fission fraction f,(E) can always be computed as follows:

f,(E) 1 - f2(E) - f3(E) (3-36)

Equations 3-34, 3-35. and 3-36 constitute decay heat Model II. This model requires knowledge of three func-
tions, C(E), f2(E), and f3(E), which depend on exposure and on the reactor fuel itself. In order to determine the sensi-
tivity of the model to these fundtions, a large number of decay heat calculations have been performed for different
fuel bundles at various exposures and void fractions. The results of these calculations are presented in Table 3-7.
Bundle 8D250 is a very common reload bundle. It is an 8x8 D lattice with an average enrichment of 2.50%. BF1T2 is
Browns' Ferry I Type 2 initial fuel. This is a 7x7 lattice. Bundle 8D274 has the highest enrichment of the standard re-
load bundles. Similarly, 8DR303 is the highest enrichment available for retrofit fuel. E6-183 is a BWR,6 bundle with
the lowest enrichment available except for the natu'ral uranium fuel. These bundles clearly represent a broad spec-
trurn of the type of fuel used in BWR's.
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Table 3-7
DECAY HEAT COMPARISON FOR DIFFERENT BUNDLES AT VARIOUS EXPOSURES AND VOIDS

E(GWd/t) 0

Bundle: 8D250 BF1T2 8D274 8DR303 136-183
Voids % 40 40 40 40 40
C(E) 0.62340 0.62932 0.61435 0.57501 0.68802
f,(E) 0.92527 0.92372 0.92323, 0.92902 0.92671

f,(E) 0.07473 0.07628 0,07677 0.07098 0.07329
ft(E) 0.0 0.0 0.0 0.0 0.0
Q(E) 202.07 202.07 202.08 202.06 202.06
R,(t)

1 sec 0.3463
¶ = 100 sec 0.04257

R,(t,E)
t = 1 sec 0,3457 0.3457 0.3456 0.3455 0.3459
t = 100 sec 0.04197 0.04199 0.04193 0.04176 0.04224
R,(t.T,E)a
t = 1 sec 0.3404 0,3404 0.3404 0.3402 0.3406
t = 100 sec 0,03548 0.03551 0.03544 , 0.03528 0.03576

u= 1.07

DECAYHEAT COMPARISON FOR DIFFERENT BUNDLES AT VARIOUS EXPOSURES AND VOIDS

E(GWd/t) 10
Bundle: 8D250 8D250 8D250 BF1T2 8D274 8DR303 16-183

Voids. : 40 0 70 40 40 40 40

C;E) 0.65076 0.58805 0.71518 0.65790 0.63906 0.59910 0.71881
ftE) 0.56171 0.60159 0.52257 0.55481 0.58138 0,61753 0.47541
f2:E) 0.07940 0.06387 0.10069 0.08106 0.08125 0.07481 0.07891

f3.E) 0.35889 0.33454 0.37674 0.36413 0.33737 0:30766 0.44568
Q(E) 205.14 204.87 205.36 205.19 204.96 204.68 205.87

R (t)
t= 1 sec 0.3463

t= 100 sec 0.04257

R (t,E)
t = 1 sec 0.3450 0.3448 0.3451 0.3450 0.3450 0.3449 0.3450
t = 100 sec 0.04145 0.04124 0.04168 0.04147 0.04144 0.04133 0.04159
R :,(t,T,E)
t 1 sec 0.3363 0.3363 0.3364 0.3363 0.3365 0.3367 0.3355
t - 100 sec 0.03373 0.03360 0.03390 0.03374 0.03379 0.03378 0.03358
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DECAY HEAT COMPARISON

Table 3-7 (continued)
FOR DIFFERENT BUNDLES AT VARIOUS EXPOSURES AND VOIDS

E(GWd6t) = 20

Bundle:

Voids %
C(E)
f,(E)

f2(E)

f,(E)

0(E)
Rt(t)

t= 1 sec

t= 100 sec
R,,(t,E)

t =1 sec

t = 100 sec

R,,,(t;T,E)

t = 1 sec

t = 100 sec

8D250

40

0.70446

0.37846

0.08267

0.53887

206.68

BFIT2

40

0.71296

0.37178
0.08481

0.54341

206.72

8D274',

40

0.68106

0.4.0579
0.08344

0.5,1077

206.44

8DR303
40

0.63842
0.45024
0,07673
0.47303

206.10

B6-183
40

0.81568

0.26769

0.08864

0.64367

207.59

0.3463
0.04257

0.3447
0.04137

0,3344
0.03304

0.3448
0,04139

0.3344
0.03306

0.3447
0.04132

0.3347
0.03309

1,3447

004121

0 3349

0.03310

0.3448
0.04165

0.3336
0.03298

DECAY HEAT COMPARISON FOR DIFFERENT BUNDLES AT VARIOUS EXPOSURES AND VOIDS
E(GWdlt) = 30

Bundle:

Voids %

C(E)

f2(E)

f3{E)
Q(E)

R (t)

t - I sec

t = 100 sec

R,,(tE)

t = 1 sec

t = 100 sec
R,,.(t,T,E)

t =1 sec
t = 100 sec

8D250
40

0.79789

0.23333

0.09253

0.67414

207.86

BF1T2

40

0.80120

0,22961

0.09445

0.67594

207.89

80274
40

0.76561

0.26741

0.09257

0.64002

207.57

80R303
40

0.71,588
0.31588
108333
*360079

207 21

B6-183

40

0.89320

0.13193
0.09729

0.77078

208-70

0.3463
0.04257

0.3447
0.04152

0.3332
0.03275

0.3447
0.04153

0.3332
0.03275

0.3447
0.04144

0,3335
0.03278

0.3446

0.04131

0,3337

0.03278

0.3448
0.04174

0,3324
0,03266
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DECAY HEAT COMPARISON FOR
Table 3-7 (continued)

DIFFERENT BUNDLES AT VARIOUS EXPOSURES AND VOIDS
E(GWdit) = 40

Bundle:

Voids b

C(E)
f,(EJ
f -,(E)

f,(E)

Q(E)
R,(t)

t =1 sec

T =100 Sec

Rj,(t,E)
= 1 sec

I = 100 sec

R...(t,T,E)

t= sec

=100 .sec

8D250

40

0.86862

0.12820

0.10001

0.77179

208.72

BFIT2

40

0.86483

0.12726

0.10178

0.77096

208.72

8D274
40

0.83920
0-15855
0.10049
0.74096

208.46

8DR303

40

0.80174

0.19630

0.09172

0.71198

208.18

B6-183

40

0.93477

0.06017

0.10229

0.83754

209.29

0.3463

0.04257

0.3447

0.04164

0.3324
0.03255

0.3447

0.04162

0.3324
0.03254

0.3447

0.04157

0.3326

0.03258

0.3447

0.04147

0.3328
0.03257

0.3448

0.04180

0.3318

0.03249
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Below the bundle identification in Table 3-7 are the exposure and void fraction followed by C(E), f.(E) and
f,(E) as evaluated by the official GE lattice analysis program. Below tlis is the vaiue of Q(E) as determined by Equa-
tion 3-35. Values of the decay heat at the indicated times are given for the three decay heat models. The third model
will be discussed later. Decay heat Model I, the current model is independent of the bundle type and exposure. Model
II, the improved model, does have.a dependency on exposure. This dependency is very slight at t= 1 second because
the direct fission power still dominates. At t =100 seconds the fission power is no longer present and the decay heat
is simply the sum of the fission product and actinide contributions. The dependency on exposure is therefore longer
at this time. The variation of Model If with voids is illustrated by the calculations on 8D250 at 10 GWdit. The decay
heat is shown to vary by no more than 0.5916 from the nominal value at 40% voids., What is even more remarkable is
that the decay heat for all bundle types at 10 GWd/t and 40% voids also varies by less than 0.5% from the nominal
value of 80250 at 40% voids. This is the result of a cancellation of effects with respect to the fission product and
actinide contributions. The higher the enrichment of the bundle, the lower the value will be of energy release per
fission. This implies a higher fission rate and hence a higher contribution from fission products. On the other hand,
the higher the enrichment of the bundle, the smaller the value will be of C(E). This causes the actinide contribution
to fall. These two effects cancel each other and the result is a decay heat value which is nearly independent of bundle
type. At exposures higher than 10 GWd/t. the variation among the bundles increases somewhat, but in all cases is
less than 1%.

As a direct result of these comparisons, the nominal values of the functions C(E), f2(E) and f3(E) were chosen
as corresponding to the values for bundle 80250 at 40% voids. This is justifiable because the resulting decay heat
values fall in between the other values and thus represent an average for all bundaes. in any case, the deviation from
these nominal values is very slight.

In order to make the implementation of Model II easier and more reliable, f ts for the three required functions
C(E), f2(E) and f3(E) were generated. The actinide normalization constant, C0E), was fit with a quadratric polynomial
in exposure:

C(E) C, - CIE 0- 0 2 E2  0!E---40 GWd t (3-37)

The values of the fit coefficient were determined by a least squares method based on seven exposure points:

C0 = 6.17298x10-'

C, = 2.85865x10 - (3-38)

C2 - 9.22303x10'

The largest error observed in the fitting process was -1.5% and the root-fnean-squarod (rms) error was 1.-0%. The
fission fraction of U18 was also fit with a quadratic polynomial:

f2(E) -ý a,0 - a,E - a2 E2  0.E-•Es4O GWdit (3-39i

where
a0 = 7.52541x10- 2

a, = 2.57466x10--1 (3-40)
a2 = 9.51169x10-1

The targest error in this fit was - 1.9% and the rms error was 1.0%. The fission fraction of Pu 22• plus Put.11 was fit with'
a rational polynomial:

b,E - b2E
2

- b÷E3 0sEi40 Wdt(3fME) 0E4Gdt 3-41)
d, dE

where b, = 1.00000

b2 = 4.38985x10-2
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b, - -3.34992x10-4 (3-42)

do = 14.1680

d, == 2.51999

The largest error observed in this bit was -0.7% and the rms error was 0.3%.

In order to test the accuracy of these fits, decay heat calculations were made with Model II (and Model Ill to be

described below) using both exact values for the three functions and the fits, Equations 3-37 through 3-42. The re-

sults are shown in Table 3-8. In all cases, the fits produce decay heat values which are correct to withir. 0.1%. This is

certainly accurate enough to justify their use.

The principal feature of the third decay heat model, namely Model Ill, is the use of the proposec revised ANS
standard decay heat curves4 . A secondary feature of the new model is the ability to account for finite reactor operat-
ing times. The relative power, R,,,(t,T.E), at time t seconds after shutdown based on an operating time of T seconds

is given by the following expression:

R ..(tT,E)=(E) I U.D,{tjT - C(E).A(t.T) - (dE)- U.Oý(0,T) - C(E).A(0.T) )F(t) (3-43)Q(E) L t,)

The decay heat from fission products Oo(t,T) is evaluated by summing the contributions of U13 ., U23 8. and Pu 23 9

weighted by their respective fission fractions:

3

Df(t.T) = f, (E) OD,(t,T) (3-44)

The decay heat for each isotope for a finite irradiation period is related to the decay heat for an infin te irradiation

period in the following way:

DO,(t,T) = Do,(t,-) - O0 ,(t--T,-) (3-45)

Therefore, the standard specifies only values for D,(t,--). These were presented in Tables 3-2, 3-3, and 3-4 of Sub-

section 3.1.1. Combining the last two .equations:

3

DO(t.T) = fi (E) [D 0  (-,) - DO (t-T,-)] (3-46)
i=1

Table 3-8
DECAY HEAT AT T=100 SEC FOR BUNDLE 8D250-

COMPARISON BETWEEN EXACT CONSTANTS AND USE OF FITS

E(Gwdlt): 0 10 20 30 40

R, 100) 0.04257 - ..

R,,(IG0,E) Exact 0.04197 0.04145 0.04137 0.04152 0.04164
Fits 0.04194 0.04147 0.04139 0.04147 0.04168

R,.IOO0.E) Exact 0.03548 0.03373 0.03304 0.03275 0,03255
Fits 0.03545 0.03376 0.03307 0.03270 0.03259
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The proposed standard specifies uncertainties as a function of time for each o-'. three decay heat tables (see
Tables 3-2. 3-3, and 3-4). It is therefore feasible to account for uncertainties in the data by adding 2or as a function of
time to the tabular values. Instead, a simpler procedure is used here which utilizes a single time-independent factor
U as in Models I and II. The value of U was chosen as the 2or uncertainly for 8D250 at 10 GWd.t and a time of 100 sec-
onds after shutdown. This was computed to be 1.07.

The actinide contribution A(tT' is now determined by Equation 3-20 rather than Equation 3-22. In cases where
the irradiation time is unknown, it may be related directly to the exposure as follows:

T -LE

where p is the smeare'd.fuel density in gm/cc, p is the power density in watts,,cc. arid E is a conversion factor equal to

1.04998x 10-.

At the present time, I OCFR50 Appendix K requires an infinite irradiation time. Therefore, all of the calculations
which have so far been made on Model III were made with that assumption. These calculations have already been
shown in Tables 3-7 and 3-8. In general, the decay heat values are 15% to 20% less than either ModeI I or Model II
This is a strong indication of the over-conservatism of the current ANS standard.
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4. NUCLEAR ENERGY TRANSPORT AND DEPOSITION

The significant factor in loss-of-coolant (LOCA) analyses is not the origin of the energy being released but
rather the location at which the energy is deposited. It is the local deposition of energy which causes the fuel rods

and cladding to heat up. The principal method for energy transfer from one location to another is through gamma
ray transport. It was pointed out in Section 2 that roughly one half of all the energy produced during a LOCA is in the

form of gammas (see Table 2-12). It is therefore imperative that gamma transport effects be accounted for. It is also
very advantageous since gamma transport always acts to flatten the peak energy deposition and therefore leads to

reduced peak cladding temperatures.

Under normal power conditions gamma transport effects are far less substantial since the fraction of the
energy released as gammas is much smaller (see Table 2-12). On the other hand, -ieutron energy transport becomes
important under normal power conditions. Neutrons born in the fuel as a result of fission are likely to escape into
the coolant and deposit their kinetic energy there in a series of -slowing down" interactions. This effect is at least as
important as gamma transport under normal power conditions.

Gamma and neutron energy transport calculations and models will be presented in Subsection 4.1. In Sub-
section 4.2, the specifications for incorporating these models in ECCS calculations will be given.

4.1 EVALUATION OF ENERGY TRANSPORT MODELS

Energy transport is conveniently divided into three separate effects. These eafects may be accounted for
individually or all at once. It is, however, most convenient to consider each separately and then to combine them
later. The first effect to be considered is the deposition of energy in structural materials. This is discussed in Sub-
section 4.1.1. The results of photon Monte Carlo calculations using the engineering computer program KRIS01 are
presented in order to quantify the effect. The second major effect is the rod-to-rod gamma energy transport which
flattens the relative rod power distribution. This is discussed in Subsection 4.1.2. The third effect to be considereo
is -he transport of energy from bundle to bundle. This is presented in Subsection 4.1.3.

Two transport effects which are not considered in this report are axial gamma energy transport and radial
gamma energy transport within fuel pellets. The former effect is potentially significant but methods to evaluate it
accurately are not currently available at a reasonable cost and in any event it is certainly conservative to neglect it.
The latter effect is very small and can also be neglected.

4.1.1 Gamma and Neutron Energy Deposition

Current ECCS calculations"' are based upon S, gamma transport calculations. Recently, a more powerful and
more accurate method for performing gamma transport calculations has become available through theintroduction
of the computer program KRIS01. KRISO1 is a Monte Carlo program which may be used to solve transport problems
involving photons, electrons, and positrons. The geometric representation of the problem is very general and allows
the cylindrical material regions of the cladding and fuel pellets to be handled explicitly and precisely. The space,
energy, and angular phase space is essentially continuous; however, the source distribution is limited to a small
number of energy groups. The isotopic-dependent capture and fission rates for each fue! rod are used in combination
with gamma spectra for capture and fission events in each isotope to produce a rod and energy group dependent
gamma source distribution for input to KRIS01. For LOCA analyses this gamma source is restricted to delayed
gammas and explicitly excludes prompt and capture gammas.

Gamma transport calculations using KRIS01 have been performed on two different bundles: 8D250. a com-
mon 8x8 reload bundle, and Brown's Ferry 1 Type 2 (BF1T2) an initial core 7x7 fuel. Descriptions of both bundles
arc, given in Table 4-1. Each bundle was analyzed under both normal arid LOCA conditions. The normal power calcu-
lations were performed with the control blade out. The LOCA transport calculations were performed with the blade
in while the gamma source distribution for the LOCA case was computed with .he blade out. This corresponds to
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the most likely situation: namely. that the highest power node is uncontrolled before the LOCA bu: is controlled

soon after the LOCA begins.

The fractional gamma energy depositions for each of the structural media of bundle 8D250 are shown in
Table 4-2. The results of Scatena and Upham5 are given first followed by the latest KRIS01 calculatio-)s, which em-
ployed 80 batches of 1000 source photons each. Results for both normal and LOCA conditions are shown. In
general, the gamma energy deposition is closely related to the mass of the material. Since the fuel is the most massive
component by far, most of the energy is deposited there. Of particular interest is the energy which is ceposited out-
side of the fuel and cladding. This energy does not contribute to heating of the cladding and consequently to the

peak cladding temperature.

As a rule, the agreement between the previous results and KRIS01 results is reasonably close. T'ie KRIS01 cal-
culations do predict a smaller deposition directly in the fuel and a relatively larger deposition in the cladding. This is
somewhat advantageous during a LOCA but the effect is small. Of greater interest is the sum of all gamma energy
deposited outside of the fuel and cladding. KRIS01 predicts a slightly higher amount than before, 8.94%, as com-

pared with 7.86%.

Also in Table 4-2 is a breakdown of the total energy deposition which includes not only the gamma energy but
also the beta energy and fission fragment kinetic energy (in the normal power case). Not included here is the neutron
<inetic energy, This will be considered separately.

The total energy deposition is calculated in a straightforward manner based on the gamma energy deposition
results and a knowledge of the fractional amount of energy. y. which is released in the form of gammas. -., for normal
and LOCA conditions was calculated in Section 2 and is shown in Table 2-17. The fractional energy deoosition in the
fuel is equal to (1 -y). the fraction of the energy which is not in the fcrm of gammas and therefore is assumed to be
deposited directly there, plus -y times the fractional gamma energy deposition in the fuel. For all other regions. the
total energy deposition is simply equal to -y times the fractional gamma energy deposition in that regicn. These frac-
tions, expressed as percentages. are given at the bottom of Table 4-2.

Table 4-3 is a similar breakdown for BF1T2. Since this fuel is a 7x7 design with a larger rod diameter than for
.he 8x8 fuel, there is a slightly higher fractional gamma energy deposition in the fuel due to the sligh:ly higher self-
absorption probability. Otherwise the results are similar to the results for 8D250.

The calculation of the amount of reutron energy whicn is deposited outside of the fuel during normal power
operation has been computed by Neuhold and Upham". Since the-effect is small and is not present under LOCA
conditions, their calculations have not been redone. Their results, which differ sligntly for 7xTs. 8x8s. and different
channel sizes, are shown in Table 4-4. These calculations were for uncontrolled bundles at 40% vo ds and an ex-
posure of 10 GWdM.t. The total energy deposition in the coolant is simply the sum of these figures plus tr e appropriate
values from Table 4-2 and 4-3 for normal power conditions. No correction is made to the LOCA va ues.

4.1.2 Rod-to-Rod Gamma Energy Transport

The gamma transport calculations described in the previous subsection are also useful for evaluating the
flattening effect which gamma transport has on the rod-by-rod power distribution. Figure 4-1 is ar. illustration of
the rod-by-rod redistribution of energy for 8D250 under LOCA conditions. The top value in each box. which repre-
sents a fuel rod. is the relative fission density for that rod. This distribution represents the source cr origin of the
energy and is normalized to the average of the power-producing rods (a total of 63 in this case). Beneath the fission
density is the gamma source distributior. Under LOCA conditions the gamma source is made up entirely of delayed
gammas from fission products and is therefore very close to the fission density distribution. The value at the bottom of
each box in Figure 4-1 is the relative gamma energy deposition from the KRIS01 calculations. The energy deposition
for each rod is the sum of the energy deposited in the fuel and cladding regions but does not include energy deposited
in the coolant immediately surrounding each rod.
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Table .4-1
DESCRIPTION OF BUNDLES USED IN

GAMMA TRANSPORT CALCULTAIONS

Bundle

Exposure
Voids. 9.
Lattice
Rod outside diameter, in.
Cladding thicknesses, in.
Channel thicknesses, in.

8D250
0
40

8x 8
0.493
0.034
0.080

BFIT2

0

40
7x 7
0.563

0.037

0.080

0

1 at 4"%, 3 at 3"'
H20 Rods
Ga Rods

1
4 at 1_5%

Table 4-2
GAMMA ENERGY DEPOSITION FOR 8D250

Normal Power

Scatena & Upham

8 x 8 Reload

[0,034 in, cladding, 0.08 in. channel]
(0/)

KRIS01

80 batches

(%)

LOCA

Scatena & Upham KRIS01
8 x 8 Reload [80 batches]

[0.034 in. cladding, 0.08 in. channelI

(%) (°/o)

Fuel

Cladding
In-Channel Coolant
Channel
Oul-Channel Coolant
Control Blade
Total

80.78
9.56
3,14
4.77

1.75
0,0

100

78.70 =0.39

10.49 --0.11

3.46=0.06
4.99=0.10

2.36 =0.06
0.0

100

82.27
9.871

0.0
4.92

0.0

2.94
100

80.53 =0.34
10.53 =0.10

0.01 =0.0C1
5.28"-0.07
0.00
3-65=.0.07

100

Total (Gamma 4- Beta - Kinetic) Energy Deposition

Scatena & Upham
(y = 0.111)

KRIS01
(- = 0.105)

•Scatena & Upham
(y = 0.47)

KRIS01
= 0.493)

Fue I

Ciadding

In-Channel Coolant

Channel

Out-Channel Coolant

Control Blade

Tota.

97.87

1.06

0.35

0.53

0.19

0.0

100

97.77

1.10

0.36
0.52

0.25

0.0

100

91.67

4.64

0.0

2.31

0.0

1.38

100

90.41
5.19

0.0

2.60

0.0

1.80
100

4-3



NEDO-23729

Table 4-3
GAMMA ENERGY DEPOSITION FOR BF1T2

Normal Power
Scatena & Upham

7 x 7 [80

LOCA

[0.032 in. cladding]

(%)

0.037

Fuet

Cladding

In-Channel Coolant

Channel

Out-Channel Coolant

Control Blade

Total

82.50
7.58
3.08
4.67
2.17
0.0

100

KRIS01
batches

in. cladding]

(%)

79.82-=0.37
9.66=0.11
3.48=0.05
4.79=0.09
2.25z0,06
0.0

100

Scatena & Upham

7x7

[0.032 In. cladding]

(%)

KRIS01

[80 batches

0.037 cladding]

(%)

84.25
7.78

0.0
4.79
0.0
3.18

100

31.63=0.35
9.84 =0. 11
0.01 =0.001
5.11 =0.09
0.00
3.41 =0.06

i00

Total (Gamma - Beta - Kinetic) Energy Deposition

Scatena & Upham
(-y = 0.111)

KRIS01
(y = 0.105)

Scatena & Upham
(-y = 0.47)

KRIS01
( = 0.493)

Fue!

Cladding

In-Channel Coolant

Channel

Out-Channel Coolant

Control Blade
Totai

98.06
0.84
0.34
0.52
0.24
0.0

100

97.88
1.01
0.37
0.50
0.24
0.0

100

92.60
3.66
0.0
2.25
0.0
1.49

100

30.95
4.85
0.0
2.52
0.0
1.68

"00

Table 4-4
NEUTRON ENERGY DEPOSITION IN COOLANT

(Expressed as a Percentage of Total
Energy Deposition)

7
8
8

Fuel Type
x7

x 8 (80-mil channel)

* 8 (120-mil channel)

Percent Deposition
2.67
2.67
2.39
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W-WV

1.65a 1.217 1.218 1.143 1.119 1.130 "•.85 1.196

1.163 1.213 1.215 1.141 1.117 1.128 1.182 1.193

0.968 1.012 1.077 0.980 1.023 1.045 1.043 1.049

1.076 1.158 1.091 1.079 1.079 1.127 1.068

1.075 1.156 1.090 1,078 1.078 1.125 1.066

1.007 1.063 1.018 1.067 1.058 1.066 1.022

0.423 0.891 0.909 0.81 0.410 1.1i47

0.430 0.893 0.911 0.883 0,417 1.145

0.341 0.975 0.983 0.989 0.869 1.054

0.861 0.878 0.856 0.876 '.075

0.863 0.880 0.857 0.878 1.074

0.955 1.015 0.951 0.979 0.994

0.000 0.872 0.893 ; .061

0.000 0.874 0.895 i.060

0.094 0.939 0.940 1.043

0.845 0.866 1 .062

0.848 0.868 1.061

0.944 0.933 0.982

0.396 1.111
o.404 1.109

0.886 1,021

1.041

0.934

x.Xxxx
x.Xxxx
X.xxx KRISO1

FISSION OENSITY

GAMMA SOURCE

GAMMA ENERGY DEPOSITION I -. 1-034)

Figure 4-1. Rod-Vy-Rod Gamma Energy Decosition for 8D250 uncier iOCA Conintions
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It will be recalled that the KRIS01 calculations involved 80 batches of 1000 source photons each This resulted
in a standard error of approximately _-0.034 for an individual rod energy deposition. This is a rather la-ge statistical
error .when viewing the results for any single rod. However, what is of interest is rot the results for any single rod,
but rather the development of a simple model which can account for the overall flattening effect of the gamma trans-
port. Effectively, there are 64 samples available, each with a standard error of 0.034 and therefore the statistical error
in the simplified model will be small. In any case, the Monte Caroto calculations are so expensive that extending
tnem further is not economically justified.

It is noteworthy that-while the relative gamma source in the gadolinia rods is only about 0.4, the relative energy
deposition is about 0.9. This is clear evidence of the mobility of the gamma rays and of the transport of gamma energy
between rods.

Figure 4-2 shows the rod-by-rod gamma energy deposition for BF1T2 under LOCA conditions. The results
are similar to those for 8D250. The standard error is approximately 0.029 which is lower than before because of the
fewer number of rods in BF1T2.

Figures 4-3 and 4-4 show the rod-by-rod gamma energy deposition at normal power conditions or 80250 and
BF1T2. respectively. For these problems. the gamma source differs substantially from the fission density. This is
primarily the result of two effects which are related to the capture gamma contribution to the gamma source. The
first effect is the spatial distribution of resonance captures in U238 . The second effect is the localizaticn of all of the
capture gamma's from gadolinium in a small number of rods. In fact, the locations of the gadolinia rcds are clearly
evident in Figures 4-3 and 4-4 since their gamma sources are ordinarily double the sources of. surreunding rods.
The standard error for a typical rod for 8D250 was 0.039 while the standard error for BF1T2 was 0.C33.

The Monte Carlo calculations are obviously too expensive to perform routinely and therefore a simple model
is necessary which relates the rod-by-rod fission density (which is routinely calculated) and the gamma energy
ceposition. Let fj be the relative fission density of rod i and let P.,, be the relative gamma energy deposition. These
two qjantities are related approximately by the following formula:

P 0,t fi - (1 - 3') (4-1)

where d' is a fit coefficient which is determined by the least squares method. The simplified model was first devel-
oped and utilized by Scatena and Upham5. 0' is roughly equal to the self-absorption probability of a gamma ray in
the roc of its origin. Therefore, different values are required for 7x7 and 8x8 lattices and furthermore dfferent values
are reouired for normal and LOCA conditions. The total rod power or energy deposition, pi, is the sum of a direct
contribut;on from fission (kinetic energy of the fission fragments, beta rays, etc.) and a contributior from gamma
energy deoosition:

Pi ý_ (1--Y,) f -- (1 -S) [8'f '• (1 X•) (4-2)

where y is the fraction of energy which is n the form of gamma rays and S is the structural absorption )robability for
gamma energy. This expression is not normalized in the conventional way since the fraction S of the camma energy
has been removed. Renormalizing so that the sum of the powers in all of the rods is equal to the number of rods.
prodLUces the following result:

Pi• - ( -Y/)fi- ! [i3'f,-( -3) (4-3)

when -/ may be thought of as an effective value of. y:

/= 1-S (4-4)
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VW-W

1.076 1.063 0,985 1.09'1 1.107 1.170 1.193

1.073 1.061 0,984 1.089 1.105 1.167 1.190

0.917 0,936 0,958 1.024 1.013 1.046 1.042

0.273 1.094 1,113 1.122 1.188 1.041

0.282 1.093 1.112 1.121 1.185 1.040

0.766 1,035 1.036 1.040 1.069 1.033

0.928 0.874 0.863 0.359 1.219

0.929 0.876 0.366 0.368 1.216

1.008 0.978 1.004 0,827 1.070

0.324 0,310 0.915 1.177

0.333 0313 0.917 1.175

0.761 0.310 0.966 1.084

0.376 1.006 1.245

0,379 1,007 1.242

1.004 1,056 1.084

1,131 0.982

1. 130 0.982

1,040 1.028

1.159

1.157

1.024

SX.XXX FISSION DENSITY

X.XXX GAMMA SOURCE

X.XXX j KRiSOI GAMMA ENERGY DEPOSITMON (, 0.0291

Figure 4-2. Rod-by-Rod Gamma Energy Deposition for BFIT2 under LOCA Conditions
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v-W

1.165, 1.217 1.218 1.143 1.119 1.130 1.185 1.196

1.104 1.121 1.112 1.049 1.030 1.039 1.086 1.109

1.005 1.041. 1.040 1.039 0.987 1.010 1.028 1.043

1.076 1.158 1.091 1.079 1.079 1.127 1.063

0.985 1.040 0.984 0.974 0.975 1.014 0.986

1.070 1.117 1.020 1.010 1.014 1.013 0.983

0.423 0.891 0.909 0.881 0.410 1.147

1.785 0.818 0.833 0.811 1.702 1.038

1.215 0.928 0.900 0.944 1.251 1.011

0.861 0.878 0.856 0.876 1.075

0.795 0.812 0.791 0.807 0.973

0.958 0.950 0.909 0.964 0.984

0.000 0.872 0.893 1.061

0.006 0.806 0.821 0.967

0.147 0.923 0.918 0.963

0.845 0.866 1.062

0.783 0.799 0.963

0.890 0.910 0.963

0.396 1.111

1.612 1.009

1.109 0.964

1.043

0.972

0.937

X.Xxx

X.Xxx

X.XXX KRIS01

FISSION DENSITY

GAMMA SOURCE

GAMMA ENERGY DEPOSITION (+- 0.039)

Figure 4-3. Rod-by-Pod Gamma Energy Deposition for 8D250 under Normal Power Ccnditions
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W-W

1.076 1.063 0.985 1,091 1.107 1.170 1,193

0.991 0.958 0.893 0.972 0.986 1.038 1,071

0.940 1.008 0.954 0.960 1.009 0.988 0.987

0.273 1,094 1 113 1.122 1. 188 1,041

2.186 0.949 0.964 0.972 1.024 0.932

1.458 0.988 0.994 0.983 1.026 0.953

0.928 0.874 0.863 0.359 1.219

0.818 0.775 0.767 1.663 1.055

0.952 0.958 0.973 1.278 1.002

0.324 0.810 0.915 1.177

1.371 0.725 0.809 1.023

1.143 0.969 0.955 0.983

0.876 1.006 1.245

0.778 0.881 1.076

0.906 0.955 0.983

1.131 0.982

0.981 0.886

0.992 0.903

1,159

1.035

0,992

x.xxlx
X.Xxx

X.XXX KRIS01

FISSION DENSITY

GAMMA SOURCE

GAMMA ENERGY DEPOSITION i... 0,0331

Figure 4-4. Rod-by-Rod Gamma Energy Deposition for BFIT2 under Normal Power Conditions
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Equation 4-3 may be further simplified by aefining the constant A as follows:

A E 1 - yt'(1-13') (4-5)

Then it can be shown that

pi = A ft , 1 -A) (4-6)

This is a very simple and convenient-to-use expression.

Table 4-4 is a summary of the numerical constants used in Equations 4-1 through 4-6. The current values from

Scatena and Upham5 are given (where known) along with the new recommended values based on the Monte Carlo
calculations. Note that the values of /3' for 8D250 and BF1T2 are very close for LOCA conditions wh. e they differ

substantially for normal power conditions. Since the new values of A for the 7x7 and 8x8 cases are very close, it was
decided to average the two values to obtain a single result. This is consistent with the model currently ir use- and is a

good approximation.

4.1.3 Bundle-to-Bundle Gamma Energy Transport

The calculations in the previous subsection assume that the periphery of the fuel bundle is a mir-or or reflect-

ing boundary to gamma rays. In fact, however, the peak power bundle in an operating reactor is surrounded by

bundles of lesser power and, therefore, a certain amount of the gamma energy generated in the peak power bundle
leaks out to neighboring bundles. This effect was originally quantified by Scatena and Upham'. Their results have not
been reevaluated for two reasons. The first is that the close agreement between their results and KRIS01 results in the
single bundle case is a strong indication that the multi-bundle results would also agree closely. The second 'eason is that
KRIS01 multi-bundle calculations would be extremely expensive and the small improvement in accuracy is therefore not
lustified.

The approximate physical model for bundle-to-bundle gamma energy transport is very similar :o the rod-tO-
rod model. Let Fj be the relative fission density of bundle j with respect to neighboring bundles. P:,. the relative
gamma energy deposition, is related approximately to F; by the following:

P ' F. - (1 - n) (4-7)

wnere Y' is a parameter which may be thougnt of as the bundle self-absorption probability. a' is determi ed by fitting
the results of several calculations. The total bundle power orenergy deposition, P., is the sum of a direct contribution
from fission (kinetic energy of the fission fragments, beta rays, etc.) and a contribution from gamma energy
deposition:

Pi y-( 1) F. ,P A

(1 - ") , - y [ F, - (1- &}) (4-8)

where -y is the traction of energy released in the form of gammas. It is convenient to define a constant C such that:

C 1- -v(-') (4-9)

Then Equation 4-8 may be simplified:

P C Fi - 1-C 4-10)
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Table 4-6 shows the values of u' and C which were obtained by Scatena and Upham'. It is recommended that
these values be used.

Table 4-5
CONSTANTS FOR THE ROD POWER MODEL

y
Current (Scatena and Upham)
New
S
Current 8 x 8
New, 80250
Current 7 x 7
New. BF1T2

New. 8D250
New, BF1T2

13,
New. 8D250
New, 8F1T2
A
Current All
New 8D250
New BFIT2
New Combined

Normal

0.11

0.105

0.0966
0.1081
0.0992
0.1052

0.0947
0.0950

LOCA

0.47

0.493

0.0786

0.0894
0.0797

0.0853

0.4696

0,4707

0,265

0.285

0.685

0.655

0,663

0.659

0,377

0.146

0.926

0.941
0.919

0.930

Table 4-6
CONSTANTS FOR THE BUNDLE-TO-BUNDLE MODELa

Normal
Power LOCA

0.489

0.760C
,3.489

0.943

'Obtained from Scatena and Upham'
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4.2 SPECIFICATIONS FOR ENERGY TRANSPORT MODELS

The gamma andneutron energy tran.sport models described in Subsection 4.1 are applicable to ECCS calcu-
lations in two areas. The first area is the calculation of the peak cladding temperature (PCT) and the maximum local
oxidation of the cladding. This results in !he determination of an operating limit on the maximum average planar
linear hieat generation rate (MAPLHGR). These calculations are performed in the engineering compUter program
CHASTE". The second area in which gamma transport is involved is in the determination of wheth~r or not an oper-
ating reactor is within the MAPLHGR constraint. This calculation is performed within the process comouter. Speci-
fications for the implementation of the gamma transport effect into CHASTE are presented in the text betow. This is
followed by a discussion of the applicable process computer models.

in general terms. the calculations in CHASTE proceed as follows: First, the bundle power is adjusted so that
the peak rod is maintained at the peak linear heat generation rate (PLHGR) of the technical specificaticns. Then the
transient thermo-dynamic and radiation transport calculations are performed to determine the resultirg peak clad-
ding temperature and maximum local oxidation. If these quantities are within limits', then the MAPLHGR is simply
determined by the average linear heat generation rate as it was first determined. On the other hand, if :he limits are
exceeced. an iterative process is instituted which adjusts the average linear heat generation rate downwards
until the limits are met. It should be remarked that the CHASTE calculations are two-dimensional in rature in that
they consider only a horizontal slice through the fuel bundle. Ordinarily. this slice is taken at the peak axial power,
but it may also be taken at other locations such as the location of lowest penetration of transition boiling.

More specifically. the CHASTE calculations are as follows, First, the peak rod* is located by firding the rod
with the maximum fission density:

fjaa : ti all j (4-11)

where ' is the relative fission density as determined in the course of the nuclear design. The peak rela:ive power is
evaluated using the simplified energy deposition model. Equation 4-6:

Pi--.. . A(O) . f,,a. 1 - AtO 1 (4-12)

wnere A. the transport fit coefficient, is now understood to be time dependent but is evaluated at norr-ial power or
t=-0 fo the sake of determining the peak rod prior to a LOCA. The average linear heat generation rate ir kWft. AH,,R,
over tWe rods in the horizontal slice is now readily determined from the peak linear heat generation -ate in kW.ft,
Pý,HGA:

ALPLHGR * r (4-13)
pi-

where PYL7 is the required multiple of 1.02 which accounts for instrument error.

The bundle power in MW, PBUNOLý. as it is evaluated in CHASTE. is basically a conversion of AL.,Gr to a total
bundle basis under the assumption that the axial power shape is uniform. Further corrections are applied to correct
for effects taken into account in the process computer (thus avoiding duplication):

PBUNOLC = ALG " N ' CLo .12 4 4
1000" (1 - FCHFLK)( c, 1Bc

Ir CHASTE. rods are lumped together into groups. However. this distinction is ot impoolant here since he iormulaS mn !he gamma :-ansport nocels
apply ecually well to groups of rocs as weil as !o inaowdual rods.
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where N, is the number of fuel (power-producing) rods and CLONG is the active length of the fuel in inches. FCHFLK
and Bpc are process computer constants which account for structural absorption of gammas and bundle-to-bundle
gammas transport, respectively. f,,, is the relative bundle fission density with respect to neighboring bundles.

The time-dependent power in the bundle, P(t). is found by multiplying P,3VopE, which is essentially the initial
power being generated in the bundle, times the relative decay power as a function of time, R(t)*. and, in addition,
by multiplying by a correction term which accounts for gamma leakage from the bundle as a function of time:

Pt) = PaUNOLE - R(t) B (t) ' L-B(t) 4frax 4-5

wnere 8(t) is the time-dependent bundle-to-bundle transport coefficient. It must be pointed out that ordinarily f,.
is not known at the time of CHASTE calculations are being performed. The inclusion of the bundle-to-bundle factors
in Equations 4-14 and 4-15 is useful only for parametric studies. If such studies are not required then it is a simple
matter to set Bpc=B(t)=1.

The gamma energy sharing between fuel rods is a function of time as was pointed out previously. Generaliz-
ing Equation 4-6 to the time-dependent case results in the following:

Pi(t) = At), f, - [I -A(t)] (4-16)

The distribution of the total power P(t) among the various structural components of the bundle is governed
by 'he fractional energy deposition rates discussed in Subsection 4.1.1. These fractions must now be considered
to be time-dependent quantities. Let F,(t) be the fractional energy deposition in region x where x=f stands for the
fuel rods, C stands for the cladding. W for water rods. CH for the c1annel. BL for the blade and CO for the coolant.
The power generated in a given fuel rod may now be expressed as 'ollows:

P.l(t) = P(t) - F,(t) *-P,(t)/N. (4-171

where division by the total number of power-producing fuel rods Nf is required since the distributions P(t) and f, are.
normalized such that the sum over all j is equal to N,. The :ower generated in the cladding of rod (is:

Pej(t) = P(t) Fc(t) *-P1(t)/N, (4-18)

If a water rod is located at position j then:

Pfj(t) = 0.0

Pc0 (t) = P(t) • Fw(t)/Nw

The power generation rates in the channel, blade, and coolant are readily determined as follows:

Pc.(t) = P(t) •FcH(t)

POL(t) = P(t) FBL(t) (4-20)

Pco(t) = P(t) Fco(t)

It should be noted in passing that the sum of all fractional energy depositions is unity:

FF(t) - Fc(t) Flt) ý- FCt(t) 7- F3L(t) -- Fcoft) 1 (4-21)

-•he current decay heat mocel is eQuivalent to Rjt)=R,jt). The recommended model IR-( has an additional aigument, the fuel expcsure. The pro-
posed model R,,,t.T.E), which may be used only for evalualion purposes. ras asa third argument, the :r,aciatior. tnme. For the nurpose of the current
dSl:uSSjOn, all three models are interchangeacle.
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Therefore. the sum of the powers in all regions is equal to the total power:

2 (P,,(t) - Pci(t)) N,- PcH(t)- PBL(t)- Pco(t) P(t) (4-22)

where Nj is the number of rods in group This is the expected result.

The time dependence of the fractiors F,(t) must be approximated in some way. In Subsection 4.1 1 two steady-
state calculations were performed: one at normal power conditions and the other at LOCA conditions. At time zero.
F,(t) will have the value corresponding to normal power conditions, At long times after the initiation 3f the LOCA.
the value of F,(t) will correspond to the LOCA value. At intermediate times, while the fission power is cecaying, the
value will be in between the normal and LOCA values. It is theoretically possible to use the decay heat zurves along
with the fission power curves to compute the exact value, but the complexity of such a method is not warranted. The
simplified method, which is currently in use and which has been shown to be conservative 5 , is to assume that F,(t)
varies linearly with time up until the time. t., when the fission power decays to less than 1% of its o-iginaJ value.
Thereafter. F,(t) takes on a constant value equal to the value for LOCA conditions. From Table 3-5, the value of t, may
be taken to be equal to 6 seconds. The time dependence of the fractions F,(t) is explicitly shown in Table 4-7. In addi-
tion, Aft), the parameter in Equation 4-16. and 8(t), the parameter in Equation 4-15, are also assumed to nave a similar
dependence as shown in this table. The fraction Ff(t) is evaluated by rearranging Equation 4-21:

F,(t) 1 - Fc(t) - F,•(t' - Fc,(t) - F8Lt) - Fco(t) (4-23)

Table 4-7
TIME DEPENDENCE OF THE PARAMETERS

Parameters t = 0 0 < t < t> t >

Fc(t) FCZ FCZ - tt, (FCL-FCZ) FCL
FM(t) FWZ FWZ - tt (FWL-FWZ) FWL
FcH(t) FCHZ FCHZ - tt (FCHL-FCHZ) FCHL
FBL(t) FBLZ FBLZ - t'fL 1,FBLL-FBLZ) FBLL
FCO(t) FCOZ FCOZ - t/tL (FCOL-FCOZ) FCOL
A(t) AZ AZ - titL (AL-AZ) AL
B(t) BZ BZ - t/tL (BL-BZ) BL

Values for the constants in Table 4-.7 are given in Table 4-8. The name of the constant is given in the first col-
umn and its value is column two. The third column describes the fuel type for which it is applicable. T e fourth col-
umn states the method used to calculate the value. The values labeled KRIS01 are the result of the ca culations de-
scribed in Subsection 4.1.1 and 4.1.2. All other values have been obtained by an approximate method This method
is based on correcting the KRIS01 results for changes in the amount of material present. For example. the value of
FCZ. the fraction of energy deposited in the cladding at normal power, for a 7x7 lattice with 32-mil clacding is found
by multiplying the KRIS01 value for a 7x7 lattice with 37-mil cladding by the ratio of the volume of the 32-mil cladding
to the volume of the 37-mil cladding. Since both claddings have the same diameter, this volume ratio is very close to
the ratio of the cladding thicknesses. All other constants are evaluated in similar ways.

After the completion of the CHASTE calculations and assuming that the peak ciadding temperawure and max-
imum local oxidation are within limits, the MAPLHGR may be computed as follows.

MAPLHGR = A,,,i/l1.0 2  
(4-24)

The division by 1.02 removes the multiple which accounts for instrument error so that the MAPLGHR may be com-
pared directly with instrument readings at the plant site.
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Table 4-8
VALUES FOR GAMMA TRANSPORT COEFFICIENTS

Name
AZ
AL
FCZ

FCL

FWZ

FWL

FCHZ

FCHL

FB LZ
FBLL

FCOZ

FCOL

Value
0.930
0.659
0.0087
0.0101
0.0102
0,0100
0.0108
0.0106
0.0419
0.0485
0.0482
0.0475
0.0512
0.0505
0.0002
0.0004
0,0007
0.0014
0.0050
0.0052
0.0065
0.0078
0.0252
0.0260
0.0325
0.0390
0.0
0.0168
0.0180
0.0328
0.0328
0.0314
0.0300
0.0

Fuel
All
All
7 :x 7 (32-mil cladding)
7 x 7 (37-mil cladding)

8 x 8 (32-mil cladding, I H20 rod)
8 x 8 (32-mil cladding, 2 H.0 rod)
8 x 8 (34-mil cladding, 1 H20 rod)
8 x 8 (34-mil cladding. 2 H20 rod)

7 x< 7 (32-mil cladding)
7 x 7 (37-mil cladding)
8 x 8 (32-mil cladding, 1 H 20 rod)

8 x 8 (32-mil cladding, 2 H20 rod)
8 x 8 (34-mi) cladding, ! H20 rod)

8 x 8 (34-mi) cladding, 2 H20 rod)
8 x 8 (1 H2 0 rod)

8 x 8 (2 H2 0 rod)

8 x 8 (1 H.0 rod)
8 x 8 (2H20 rod)
7 x 7 (80-mil charnel)
8 x 8 (80-mil channel)
8 / 8 (100-mi! channel)
8 :< 8 (120-mil channel)
7 x 7 (80-mil channel)
8 x 8 (80-mil channel)
8 >e 8 (100-mil channel)
8 ;< 8 (120-mil channel)
All
7 x 7
8x 8
7x7
8 x 8 (80-mi! channe!)
8 x 8 (100-rmil channel)
8 x 8 (120-mil channel)
All

Method

KRIS01

KRIS01

0.0101 x 32,37

KRIS01

0.0108 x 32/34

0.0102-0.0002
KRIS01
0.0! 08-0.0002

0.0485 x "32.37
KRIS01

0.0512 x 32;34

.0482-0.0007

KRIS01

0.0512-0.0007

KRIS01

0.002 .2

KRIS31

0.0007• 2

KRIS 01

KR)S01

0,0052 x 100Z80

0.0052 x 120.ý80

KRIS01

KRIS01

0.0260 x 100.,"80

0.0260 x 120,80
KRIS01

KRIS01

KRIS01

0.0061 (KRIS01)' - 0.0267

0.0061 (KIS01) - 0.0267

0.0061 (KRIS01) -- (0.0267 - 0.0239);2
0.0061 (KRIS01) ý 0.0239

KRIS01

A- 15
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The second major area in which gamma transport effects must be considered is in the process computer. The
process computer is related to ECCS calculations through the MAPLHGR, which is used to ascertain toat the fuel is
operating within limits. In performing its calculations, the process computer makes use of two gamma transport
effects: absorption in structural materials and bundle-to-bundle transport.

Within the process computer. each fuel bundle is divided into 6-inch axial segments. The powe-. Ps. for each
segment is calculated from instrument readings with corrections based on the bundle environmeni. An average
'four-bundle' segment power is then computed for each four-bundle group surrounding an instrument tube (or
pseudo tube), Equation 4-10 is then employed to compute the true energy deposition within the segment:

.PS PS
- = C - (1 -C) (4-25)P" P"

The segment power is then corrected for structural absorption and converted to kW per foot as follows:

APLHGR = P,8 103-(1 -FLK-FCH) (4-26)
NR - L2

where NR is the number of rods, Lz the axial length of the segment, FLK is the fraction of power generated in the leak-
age flow path and FCH is the fraction of power generated in the channel. If APLHGR is less than MAPLHGR from
Equation 4-24 then the bundle is within I mits and the peak cladding temperature would not be exceeded during
a LOCA.

Typical values for the constants in the process computer are as follows:

FCH = 0.021
FLK = 0.019 (4-27)

C = 0.76

FCH and FLK are bundle dependent, but in most cases their sum Is 0.04. It is this value which should be used for the
constant FCHFLK in Equation 4-14. The value of C which is used is the value for LOCA conditions (see Table 4-6).
This is an approximation which assumes that the impact of bundle-to-bundle gamma transport is determined solely
by the LOCA value and is insensitive to the true value for the first 6 seconds of the transient. This approximation has
been tested and found to be valid.
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5. NUCLEAR CORE DESIGN DATA

Nuclear core design data enter into ECCS calculations in three major ways. The most significant way is through

nuclear lattice design calculations in the form of rod-by-rod fission density, power. and exposure distributions

which are utilized in the peak cladding temperature calculations in the computer program CHASTE. A second way is
through steady-state axial power shapes which are input to the transient critica: power calculations in SCAT" and

the short-term thermal-hydraulic calculations in LAMB". A third way is through pellet radial power shapes which are

used to calculate gap-conductances which, in turn, are fed into the CHASTE and SCAT calculations. Each of these

three areas is either covered by a Licensing Topical Report'-'1 .1 , or in the case of the third area, is known to be a small

effect. Therefore, the review in these areas has been superficial.

The lattice analysis program' 3 which is used in nuclear design calculates, among other things, the relative rod-

oy-rod fission density and the relative rod-by-rod power. The latter distribution is based on an explicit calculation of

the fission and capture gamma source in each rod, followed by a correction for gamma transport effects using Equa-
zion 4-1. Then the direct contribution from fission, the fragment kinetic energy and the beta energy, is added back to

produce the total power. This rod power distribution is then transmitted to an engineering computer program which

performs two functions, It computes fuel rod exposures for use in the gap conductance calculations and it produces
estimated rod-by-rod fission densities for input to CHASTE. The procedure for estimating the fission densities is

based on the inversion of Equation 4-6 to provide an expression for the fission density in terms of the power:

f! P,- 1- , (5-1)

The values of A which are used depend on the number of rods in'the lattice and were developed from lattice
analysis results through a fitting procedure. These values are shown in Table 5-1 along with the current ECCS value

and the new recommended value from Table 4-4. Although the differences are small. i-, is recommended that the new
value be used in design work for all lattices.

Table 5-1
VALUES FOR GAMMA TRANSPORT PARAMETER A.

A

Use Lattice (Normal Power)

Design 7 x 7 0.922
Design 8 x 8 0 9125
Design 9 X 9 0.927

Current ECCS All 0.926
New Recommended All 0.930

The sensitivity of ECCS calculations to axial power shape has been considered elsewhere' and has not been
reviewed here.

The radial power shape within fuel pellets is determined from fits based on initial enrichment, pellet diameter.
exposure, etc. In evaluating these fits for the purpose of gap conductance calculations, a single enrichment is used

which corresponds to the average enrichment of all pellets in the lattice.This is a conservative assumption since the
interior rods, which are the hottest during a LOCA, have a higher than average enrichment and hence a radial power
which is somewhat more peaked to the outside. This tends to allow for more rapid codling. In order to estimate the
magnitude of the conservatism, several CHASTE calculations at varying exposures were made using a single radial

power shape for all pellets based on the average pellet enrichment. The results were then compared with calcula-
tions which assumed that the radial power shape was flat for all pellets. The peak cladoing temperatures were higher

in the latter cases by approximately 10'F for the low exposure cases and by 20'F for thle high exposure cases. The
varying differential is due to the build up of plutonium near the surface of the pellets. In any case. 'he effect of con-

sidering the precise radial power shape in each pellet is obviously a much smaller effect and can be neglected with-
out being over conservative.
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6. CONCLUSIONS

As a result of this review, a number of improvements are possible in the nuclear" basis for ECCS calculations.
New values have been obtained for the energy yields from fission of (J2-

5. U213. an,ý; Pu2ll. New values have also been
for the decay energies of the important actinides U2 and Np239.

In the area of decay heat calculations, a new model has been presented wthich is more accurate than zhe cur-
rent model and removes some of the over conservatism, In particular. a 1% to 2% reduction in decay heat is predicted
by this model when compared with the current model, even triough both are based upon the current ANS-5standard.
Another decay heat model which is based on the ANS-5.1 subcommittee's proposed standard and which is believed
to be even more accurate, shows an even greater reduction in decay heat, on the order of 15% to 20%. when com-
pared with the current model. This proposed model illustrates the large degree of conservatism in the current model.

In the area of nuclear energy transport and deposition, several photon Morte Carlo calculations were used to
determine new values for gamma transport parameters. Although the net impact of these new values on ECCS cal-
culations will be very small, the fact that a more accurate method has been used to generate them. along with the
fact that the gamma transport models, within which these values are used. have aiso been reviewed and found to be
adequate, serves to increase overall confidence in the ECCS calculations.

A very brief review of the nuclear core design data which is input to ECGS calculations has also resulted in the
conclusion that the data is acceptable and consistent with ECCS usage.
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