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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national Standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.
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Introduction

The decay heat power of nuclear fuels is the thermal power produced by radioactive decay of fission and
activation products of the nuclear fuel. Decay heat is one of the contributors to the total heat emitted
from the nuclear fuel during the reactor operation, representing about <7 % of the total heat. As decay
heat continues to be released after shutdown of a nuclear reactor, it is an important physical quantity
for the design of systems in which the decay heat power should be taken into consideration as a heat

source.
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INTERNATIONAL STANDARD ISO 10645:2022(E)

Nuclear energy — Light water reactors — Decay heat
power in non-recycled nuclear fuels

1 Scope

This document provides the basis for calculating the decay heat power of non-recycled nuclear fuel of
lightjwater Teactors: For this purpose the follTowiTTg COMpOTTETtS are ConSIaeresa:

— the contribution of the fission products from nuclear fission;
— the contribution of the actinides;
— the contribution of isotopes resulting from neutron capture in fission prodiicts.

This|document applies to light water reactors (pressurized water and-boiling water reactors) loaded
with|a nuclear fuel mixture consisting of 235U and 238U. Application pf'tlte fission product ¢ontribution
to dgcay heat developed using this document to other thermal reactor designs, including heavy water
reactors, is permissible provided that the other contributions froim actinides and neutronfcapture are
determined for the specific reactor type. Its application to recycled nuclear fuel, like mixed-oxide or
reprocessed uranium, is not permissible.

The ¢alculation procedures apply to decay heat periodsfrom 0 s to 109 s.

2 Normative references

Therk are no normative references in this deeiment.

3 Terms and definitions
For the purposes of this document, the following terms and definitions apply.
[SO dnd IEC maintain terminplogical databases for use in standardization at the following gddresses:

— ISO Online browsing-platform: available at https://www.iso.org/obp

— IEC Electropedia: available at https://www.electropedia.org/

3.1
decay heat power

thermal“power produced by radioactive decay of fission and activation products of the puclear fuel,
folloquing shutdown of a nuclear fission reactor, excluding prompt radiation emissions

3.2

operating time

entire period of irradiation from the first loading of the considered fuel into the reactor until the final
shutdown and removal of the fuel

3.3
decay time
time elapsing after the operating time (3.2)

3.4

power histogram

approximation of the true continuous variation of power with time, by subdividing the variation into
intervals of constant power output

©1S0 2022 - All rights reserved 1
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4 Symbols and subscripts

4.1 Symbols

Table 1 shows the symbols used in this document.

Table 1 — Symbols

Symbol Quantity Unit
A(t) Factor to be applied to the decay heat power of the fission products P, Unitless
£, 1 laods AN acalooots D £1l faoal L Lada 23911 |
TUT bﬂl\’ulﬂ\—llls LIIC CUTICUTN TOUOULIVUIT T A VI LITC AU LUIITIIuUTC S L\'Abluullls Al
239Np)
fi® Decay heat power of the fission products at time ¢ after a single nuclear (MeV/s)/fissipn
fission of the fissile nuclide i
Afi(®) Standard deviation of f;(t) (MeV/s)/fissipn
Fi(t, Ty Decay heat power of the fission products of the fissile nuclide i at time ¢, j (MeV/s)/(fission/s)
after the irradiation time interval, T, referred to one fission per second
AF(t,T)) Standard deviation of F;(t) (MeV/s)/(fissign/s)
H(t) Factor to be applied to the decay heat power of the fission produets P, for Unitless
calculating the contribution P from neutron capture in fissiofyproducts
(excluding capture in 133Cs)
P, Total thermal power of the fuel during the kth time interval T, a
Py Contribution of the fissile nuclide i to the thermal power of the fuel dur- b
ing the kth time interval T},
Py(£T) Total decay heat power at time t after the end of operating time, T b
Ps(t,T) Summed decay heat power on the basis of fission product decays b
AP(t,T) Standard deviation of Py(t,T) b
P, (tT) Contribution of fissile nuclide i to the.decay heat power Pg(t,T) b
AP (t,T) Standard deviation of Pg,(t,T) b
PL(tT) Contribution to the decay heat power due to neutron capture in fission b
products other than 133Cs
Py(t,T) Contribution of actinides-23%U and 239Np to the decay heat power b
P,(tT) Contribution of actinides other than 239U and 23°Np to the decay heat b
power
Pe(tT) Contribution.of #34Cs to the decay heat power b
Q; Total thermal energy released from one nuclear fission of the fissile MeV
nuclide i
AQ; Standard deviation of the thermal energy released from one nuclear MeV
fission of the fissile nuclide i
t Decay time (see 5.3 and Figure 1) s
£ Time from the end of operating time interval T}, in the power histogram S
(see Figure 1)
T Operating time (see 5.2 and Figure 1) S
T, Duration of operating time interval k in the power histogram (see S
Figure 1)
Tt Operating time minus shutdown intervals s
o Coefficient used for representing the decay heat power of fission prod- (MeV/s)/fission
ucts as the summation of 23 exponential functions
a  Any power unit can be used.
b Same power unit as Py.

© IS0 2022 - All rights reserved
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Table 1 (continued)
Symbol Quantity Unit
ﬁij Coefficient used for representing the standard deviation of the decay (MeV/s)/fission
heat power of fission products as the summation of 23 exponential func-
tions
lij Exponent used for representing the decay heat power of fission products s1
as the summation of 23 exponential functions
a2 Any power unit can be used.
b Same power unitas P,

4.2 | Subscripts

i $ubscript denoting the fissile nuclides 235U, 238U, 239Py, 241Py

j  $ummation subscript used for representing the decay heat power by a summation of|exponential
flunctions

k  $ubscript used for enumerating the individual time intervals in the.power histogram

m Number of time interval T} in the power histogram

5 Calculation of decay heat power

5.1 | General
To cdlculate the decay heat power, the following.¢émponents shall be considered:

— the contribution of the fission product$from nuclear fission of the four nuclides 235U} 238U, 239Py
and 241Pu (other fissile nuclides shalt be treated as 235U);

— the contribution of the actinides;
— the contribution of nuclideswesulting from neutron capture in fission products.
The ¢alculation procedures,shall apply to the decay heat power for decay times t between (I s and 109 s.

Decay heat power fromdelayed neutron-induced fission and activation in structural matefials are not
included in this doeument and shall be evaluated by the user and appropriately included in any analyses
of defcay heat power:

5.2 | Poweérhistogram

Gengraly, the composition and power output of the fuel under consideration are subje¢t to change
during the operating time. This can be taken INto account for calculating the decay heat power, by
further subdividing the operating time into intervals of constant power and constant fissile nuclide
fission rate (constant composition, see Figures 1 and A.1). It shall be ensured that the systematic error
introduced by this approximation is taken into account in the estimation of the uncertainty of the
decay heat power. This error can be reduced by making the best possible approximation of the fuel
power at the end of the operating time. The error introduced by the approximation of the power in
the power histogram decreases rapidly with increasing decay time, the accuracy of approximation in
the individual intervals can decrease with increasing distance ¢, of interval k from the decay instant
considered. Alternatively, in lieu of performing an uncertainty determination, a conservative calculation
may be performed by using the maximum value of the operating power during the irradiation time in
the reactor and reducing the irradiation time to preserve the burnup. Any conservative calculations
shall be justified by the user.

©1S0 2022 - All rights reserved 3
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Since a variation in the relative power contributions of the fissile nuclide is less important for the decay
heat power than a variation in the operating power, a rougher scaling is often sufficient for this purpose.

5.3 Contribution of fission products

The contribution P(t,T) of the fission products to the decay heat power is calculated from the individual

contributions Pg;(t,T) of the four fissile isotopes using Formula (1).

4
Ps(6,T)= Py (t.T) )
i=1
Each contripution Pg;(t,T) is in turn composed of the summed decay heat powers of the m time jfitervals
of the power histogram and is calculated as shown in Formula (2).
m m
— ik
Py (6.T)= > Py (t . Ty) ZQ_ (6, Tie) (2)
where
Py is the total thermal power released by the fuel during fission;
Q is the total thermal energy released by a single fission;
P, /Q; | gives the fission rate of the fissile nuclide i.
Fi(t,, T}) is the decay heat power of the fissile nuclide i, refexred to one nuclear fission per second,|for a
time interval of duration T} and for a decay time ¢,. It is galculated from the energy release f;(t) qf the
fission prodjcts of a single fission at time t after fission.@s shown in Formula (3).
k
F; (., T) ):Jf,-(Tk—T'+ ty)dT’ (3)
filt) is calculated as shown in Formula (4}using the coefficients a;, A;; given in Tables 2, 3, 4, and 5.
D3 it
fi(®)=D e )
=1
The following Formula (5),isthus obtained.
3 o I A
Fi (b, T}) = Y <D (1—e T e 5)
—_—
JEANTY
Hence, the dofitribution Pg(t,T) of the fission products to the decay heat power is calculated using the
Formula (6).
4 m p. 23 AT At
Py (t,T) = A 501 %5 i (6)
Z &0 Al

Figure 1 illu

strates

a power histogram with four time intervals of varying power for the fissile nuclide i.

© IS0 2022 - All rights reserved
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Figure 1 — Poweérdiistogram illustration

Thud, for the decay heat power contributions Pg,(t,T), the individual times ¢, are calcylated using

Formula (7).

i =t

th=t+T,
me

= t+ Y T (7)
k=1

The relative-standard deviation of the decay heat power APg;/Pg; of the fission products ifs calculated
from|the:standard deviation AF;(t;,T;) and the relative standard deviation AQ,/Q;.

The tontribution of the fissile nuclide i is calculated using Formula ()

20
Ik
Ak, 2_ AG; 2+ z'k‘lQ A (e Ti) ®
PSi B Qi PSi

The values of Q; and AQ; are given in Table 6.

© IS0 2022 - All rights reserved 5
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For decay time t, > 1 s, the standard deviation AF;(t;,T}) is calculated using the Formula (9).
Ty
AF (. Tic) = [ Af; (T =T+ t;)dT" ©)
0
Arepresentation analogous to Formula (4) is adopted to calculate Af;(t) using the following Formula (10).

NOTE The values of coefficients Aij and ﬁij, are given in Tables 2, 3, 4, and 5.

23
At
Afi(t) =) Bye (10)
j=1
Hence, the fpllowing Formula (11) is thus obtained.
S 1B AT Ajit
1 —A. —A:
Aﬁ(tk,rk)=2[1—1(1—e i’k )e uk] (11)
j=1L"1
For decay tines t; < 1s, the standard deviation AF;(t;,T,) is calculated using the Fermula (12).
F.(t,.T,)
AF (t, T ) ==K K AF (¢, =15,T, 12
I(k k) F}(tk=15,Tk) I(k k) (12)

The standafd deviation APg of the decay heat power of all fission products is calculated using the

Formula (13).

4
AR =Y
g1

ARy (13)

5.4 Contribution of actinides

5.4.1 Contribution of 239U and 23°Np

The decay heat power Pg(t,T) from 23?8 and 23°Np is calculated using the Formula (14).

2P
B, (t,T) =23k[FU (6 T 25 (610 T )] (14)
k=1

P,/Q is the|total fissionirdate in time interval k and is substituted in Formula (14) as shown in
Formula (15).

P, &P,
Tk _N [k 15
0 ;0,- (15)

For the summation in Formula (14), only the last 20 days of the power histogram need to be considered.

The terms Fy(t;,T)) and Fy,(t,T)) in Formula (14) are calculated using Formulae (16) and (17)
respectively.

FU (tk ,Tk)ZEUR(l—e_/lUTk )e_/lUtk (16)
FNp (tk T ) = ENpR L l_e—/leTk )e—/letk —&(1—5%% )e"lu t an
/’LU _)’Np ;{‘U_A’Np

6 © IS0 2022 - All rights reserved
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Ey  (=0,460 MeV) is the mean decay energy of 239U;
(= 0,405 MeV) is the mean decay energy of 23°Np;
Ay (4926 x 10-4 s71) is the decay constant of 23°U;
(= 3,405 x 10-¢ s'1) is the decay constant of 239Np;

R is the ratio of the neutron capture rate in 238U to the total fission rate at the end of the oper-

b b
ClLlllE CIIIIC,.

If th¢ user does not have values for R, the following approximation, as shown in Formula [18), may be
used

R=0,974a,"""* + B (0,008 83—a,x0,000 726) (18)

wherte

qo isthe initial enrichment of 235U (percentage by mass);
B;  is the final burnup of the fuel, in megawatt days perkilogram of initial uranium.

Formula (18) was developed for a light water reactor (LWR) spectrum and applies to initial ¢nrichments
between 1,9 % and 5,0 %. It yields conservatively high results.

5.4.2 Contribution of other actinides

The ¢ontribution P,(t,T) of the other actinides resulting from the neutron capture (excluding 23°U and
239Np) is to be stated by the user.

Formula (19)
P, (t,T)=A(t)P; (t,T) (19)

yields conservatively highrresults, when using the factors A(t) from Table 7, provided the following
condjitions are fulfilled:

— initial enrichmenft; expressed as percentage by mass, 1,9 % < a, < 5,0 %;
— Dburnup, innmégawatts days per kilogram of initial uranium, B¢ < 12,5 ay;

— powerdensity, in kilowatts per kilogram of uranium, S > 5,0 a,,.

5.5.1 Contribution of 134Cs

The 134Cs produced by neutron capture on the fission product 133Cs can have a significant contribution
to the decay heat power, particularly for decay times in the region of 108 s, and is therefore treated
explicitly.

©1S0 2022 - All rights reserved 7
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The following Formula (20) applies

Pes (t,T>=§FcS<t.T>

Where Formula (21) defines the value of P/Q

4

P.

_r

1=

E:
Q =0

and Formula (22) defines F, (t.T).

F. (t,T
where

y o

Ecs (3

Ay (F

[0) is

o3 (3

o, (3

The cross sq
spectrum. V|

For a power

fission rate

1_6—(l4+0'4¢)T 0307 _ e—(/l4+ 0,0)T

+ e—/’L4t
Ay +0,0 030—(A,+0,0)

=y Ecsy

0,068 3 atoms fissionl) is the mean 133Cs cumulative yield per fissiqn}

1,719 MeV) is the mean decay energy of 134Cs;

41,064 x 10-8 s71) is the decay constant of 134Cs;

is|the total neutron flux in cm™2 s1;

11,3 x 1024 cm?) is the spectrum-averaged (n,y) c€¥oss-section of 133Cs;
10,9 x 1024 cm?) is the spectrum-averaged (1Y) cross-section of 134Cs.
ction constants o3 and o, were determjned for a typical pressurized water reactor (K

Vhen applied to a boiling water reactor (BWR) they yield conservatively high results.

P/Q are to be used in formulae {20) and (22).

Formula (23) defines T,
m
Tegr = Y| Ty (for all k with @55 0)
k={L
And Formulp (24) definés’the effective neutron flux ¢ ¢
1 m
Petr = T 2¢ka
eff k=1

And Formula (25] defines the values of mean fission rate P/Q.

P_1
Q Ty

S 3,

f k=1 —1

(20)

(21)

(22)

WR)

histogram, an effective irradiation time Ty, an effective neutron flux ¢, and a mean

(23)

(24)

(25)

If no value for neutron flux is available, the following approximation, see Formula (26) can be used.

S
O = —k »2,58x1013 (cm_zs_l)
eff

(26)

© IS0 2022 - All rights reserved
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where

S,  isthe power density, in kilowatts per kilogram of uranium in the fuel;

Ay IS the effective enrichment of fissile material which is calculated from the initial

ag, expressed as a percentage by mass.

9
aeff =?+1,0

enrichment

(27)

For enrichments and burnups typical of LWRs, ¢, in Formula (26) yields values of P-.(¢t,T) which exceed

the dxact values by up to 5 %. For shorter irradiation times (<25 MWd/kg) the approxim

over

5.5.7 Contribution of other fission products

The ¢
1334

The ]
)i

yield|
boun

5.6
The {
)

The
asso

duripg operation~{AP/P) using the Formula (30).

initial enrichment, expressed as a percentage by mass, 1,9 % < a, < 5,0 %;

pstimates P (t,T) by up to 15 %.

ontribution Pg(t,T) made to the decay heat power by neutron capture infission produg
) is to be stated by the user.

Formula (28)
P (6, T)=H(t) P (t,T)

s conservatively high results, when using the factors H(t) from Table 8, provided that t
dary conditions are fulfilled:

urnup, in megawatts days per kilogram ofuranium, B¢< 12,5 ay;

ower density, in kilowatts per kilogramof uranium, S 2 5 a,,

Total decay heat power
otal decay heat power is calculated using the Formula (29).
(6 T)=Pg (t,T)+Pp(t;T)+ Py (t,T)+ P (t,T)+Pg(t,T)

Fiated with thefission product contribution and the uncertainty of the relative the

AP

ate solution

ts (exceptin

(28)

he following

(29)

error bandwidthDAPy shall be determined from standard deviation APg, [see Formula (13)]

rmal power

(30)

2
AP (85T = n\/[APS (e, T) ]+ [PN (¢,T) 7}

where n is the multiple of the standard deviation associated with the chosen confidence level.

The other contributions to the decay heat power Py, P,, P, and Pg shall be determined conservatively
and therefore do not enter into the calculation of the error bandwidth. Using the approximate methods
of this document for these contributions results in conservative estimates of the total decay heat
power. Alternative methods, such as those based on comparisons of code predictions and isotopic
measurements for the main nuclides contributing to each of these decay heat terms, shall be specified,

and j

©ISO
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Table 2 — Coefficients for thermal fission of 235U

a

B

A
! [N.[e‘.’/ : j (“.“e‘.’/ : ) (s
fission fission
1 5,280 0E-04 1,227 6E-04 2,721 6E+00
2 6,858 8E-01 2,986 2E-01 1,025 6E+00
3 4,075 2E-01 1,490 1E-02 3,141 9E-01
4 2,193 7E-01 9,636 9E-03 1,178 8E-01
5 5;7701E-62 1668 0F-03 3A365E-02
6 2,253 0E-02 4,070 5E-04 1,176 2E-02
7 3,339 2E-03 7,872 6E-05 3,606 5E-03
8 9,366 7E-04 1,679 5E-05 1,396 3E-03
9 8,089 9E-04 1,447 4E-05 6,260-8E-04
10 1,957 2E-04 4,372 4E-06 1,892 4E-04
11 3,260 9E-05 5,117 8E-07 5,507 4E-05
12 7,582 7E-06 2,099 7E-08 2,097 1E-05
13 2,518 9E-06 7,925 8E-08 9,994 0E-06
14 4,983 6E-07 9,330 1E-09 2,540 1E-06
15 1,852 3E-07 3,785 5E-09 6,633 2E-07
16 2,659 2E-08 5,400 4E-10 1,228 1E-07
17 2,235 6E-09 4,535 7E*11 2,716 3E-08
18 8,9582E-12 5,5496E-14 3,2955E-09
19 8,5968E-11 1,8015E-12 7,4225E-10
20 2,1072E-14 4,9806E-15 2,4681E-10
21 7,1219E-16 -7,4576E-17 1,5596E-13
22 8,1126E-17 2,5589E-15 2,2573E-14
23 9,4678E-17 -2,4567E-15 2,0503E-14
a  See Formblilae (4), (5), (6), (10), (11) and-(12).
Table 3 — Coefficients for fast fission of 238U
! (Me‘.’/ : ) (Me‘.’/ : ) sy
fission fission

1 3,936 8E-01 1,592 6E-01 4,342 7E+00
2 7,458 8E-01 2,581 2E-02 1,711 4E+00
3 1,216 9E+00 3,852 6E-01 6,057 2E-01
4 5,282 0E-01 1,150 1E-01 1,942 9E-01
5 1,480 5E-01 3,401 0E-03 6,978 8E-02
6 4,598 0E-02 3,448 2E-03 1,880 9E-02
7 1,040 6E-02 6,156 7E-04 6,126 5E-03
8 1,699 1E-03 9,581 0E-05 1,379 9E-03
9 6,910 2E-04 2,993 1E-05 5,279 9E-04
10 1,473 6E-04 9,354 4E-06 1,614 5E-04
11 2,404 9E-05 1,714 6E-06 4,841 9E-05

a

See Formulae (4), (5), (6), (10), (11) and (12).
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Table 3 (continued)

ISO 10645:2022(E)

a B y
! == (T ) (s
fission fission

12 6,928 8E-06 3,529 7E-07 1,564 4E-05
13 6,492 7E-07 2,336 6E-08 5,361 0E-06
14 4,355 6E-07 1,656 0E-08 2,168 9E-06
15 1,602 0E-07 5,627 7E-09 6,334 3E-07
7 514810 e

548 1E- 151 4E- S607EAS
18 3,507 1E-11 4,697 6E-12 9,154 4E-9
19 6,339 9E-11 2,877 8E-12 17,894 0E-10
20 4,159 9E-14 1,743 8E-15 O 2,473 1E40
21 5,329 5E-16 4,239 4E-17 . 19594E-]3
22 1,669 SE-18 -1,678 9E-14 B~ 6,430 3E-]4
23 4,105 8E-16 16785E-14 | 6,422 9E-14

a  dee Formulae (4), (5), (6), (10), (11) and (12). R

Table 4 — Coefficients for ther

?\)
@l ission of 239Pu
N\

&

J (MeV/s )a @eV/s ]a (1)

fission <&\ fission
1 1,654 0E+00 ~ 62308E-01 8,924 6E+{0
2 36928E-01 | 2,4952E-01 6,900 SE-01
3 2,400 6E-01 3 -1,059 3E-02 2,361 8E-1
4 1,026 9E-01. 1,397 4E-02 1,011 8E-01
5 3,491 6ESO2 3,836 6E-04 3,719 3E-(2
6 2,296 1E-02 1,089 1E-03 1,431 9E-2
7 30907 0E-03 3,920 7E-05 4,509 4E-3
8 ~\1/308 0E-03 7475 1E-05 1,321 1E-03
9 <)~ 7,026 5E-04 1,627 9E-05 5,348 1E-04
10 o 14297E-04 1,739 7E-06 1,729 7E-04
1V 1,764 2E-05 1.473 0E-06 4,891 8E-5
12~ 7,364 6E-06 2,032 3E-07 2,015 5E-05
a8 1,772 0E-06 1,322 8E-07 8,368 7E-6
14 5,494 5E-07 2,839 0E-08 2,362 0E-06
15 1,673 6E-07 8,511 5E-09 6,459 4E-07
16 2,116 0E-08 1,058 3E-09 1,282 2E-07
17 2,938 8E-09 1,472 1E-10 2,516 6E-08
18 1,365 9E-10 7,590 6E-12 1,317 6E-08
19 5,745 0E-11 2,874 2E-12 7,356 8E-10
20 3,842 2E-14 5,499 8E-15 2,466 3E-10
21 1,803 0E-16 -1,870 6E-16 3,349 0E-13
22 1,834 2E-15 1,774 7E-16 1,876 1E-13
a  See Formulae (4), (5), (6), (10), (11) and (12).
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Table 4 (continued)
’ (i ) (Foian ) (s
fission fission
23 1,988 4E-16 1,409 1E-16 3,154 4E-14
a  See Formulae (4), (5), (6), (10), (11) and (12).
Table 5 — Coefficients for thermal fission of 241Pu
. ¢ 4 A
’ (i ) (Foian ) (s
fission fission
1 3,093 4E-01 6,527 5E-02 2,904.9E+00
2 5,443 4E-01 2,897 6E-01 6,49171E-01
3 4,078 2E-01 4,894 3E-05 2,556 9E-01
4 1,582 8E-01 1,065 5E-02 8,712 3E-02
5 4,157 7E-02 8,211 6E-04 2,506 8E-02
6 1,481 8E-02 9,075 6E-04 1,332 3E-02
7 5,817 6E-03 1,182 2E-04 6,377 2E-03
8 1,948 2E-03 7,652 5E-05 2,022 1E-03
9 9,519 6E-04 3,433 6E-05 6,293 3E-04
10 1,820 8E-04 4,489 0E-06 1,746 2E-04
11 1,531 OE-05 2,3072E-06 4,017 2E-05
12 4,503 9E-06 5,415 3E-07 1,528 9E-05
13 9,827 7E-07 1,172 5E-07 7,611 3E-06
14 5,183 2E-07 4,950 1E-08 2,508 3E-06
15 2,301 8E-08 3,098 9E-09 1,131 2E-06
16 1,581 7E-07 1,578 8E-08 6.987E-07
17 1,807 4E-08 1,814 8E-09 1,314 9E-07
18 3,692 2E409 3,679 4E-10 2,423 7E-08
19 5,384 3E“11 5,908 6E-12 9,643 3E-09
20 5,800 3E-11 5,311 4E-12 7,346 7E-10
21 4,835 8E-14 1,393 5E-14 2,482 7E-10
22 9,851 6E-16 1,283 4E-16 1,687 3E-13
23 1,307 6E-16 6,058 0E-18 8,363 9E-15
a  See Formllaey4), (5), (6), (10), (11) and (12).

Table 6 — Total effective thermal energy Q released as a result of one nuclear fission event
of each fissile nuclide, and the corresponding standard deviation AQ (values in units of MeV/

fission)
i Fissile nuclide Qefr Q" Qrotal
1 235y 193,5 8,7 202,2 +0
2 238( 194,6 10,9 205,5 +

b

energy per capture of 6,1 MeV, which is characteristic of LWRs. The mean energy per capture applicable to each distinct
case may be inserted by the user as appropriate.

Q.r is the effective thermal energy resulting from one nuclear fission event.

Q. is the effective thermal energy released from neutron capture not resulting in nuclear fission, based on a mean

12 © IS0 2022 - All rights reserved
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Table 6 (continued)
i Fissile nuclide Qefs Q.b Qtotal AQ
3 239py 199,7 11,5 211,2 ,
4 241py 201,8 11,9 213,7 £0,

Q.fris the effective thermal energy resulting from one nuclear fission event.

b Q, is the effective thermal energy released from neutron capture not resulting in nuclear fission, based on a mean

energy per capture of 6,1 MeV, which is characteristic of LWRs. The mean energy per capture applicable to each distinct
case may be inserted by the user as appropriate.

©1S0 2022 - All rights reserved 13
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Table 7 — Factor A(t) for calculating the actinide contribution (excluding 23°U and 23°Np) to the
decay heat power according to Formula (19)

£(s)? A®) £(s)? A®)
0 0,008 4,0 x 10* 0,071
1 0,009 6,0 x 10* 0,075
15 0,009 8,0 x 10* 0,077
2 0,010 1,0 x 105 0,079
3 0,010 1,5 x 105 0,081
4 0011 2.0 x105 0083
6 0,011 3,0 x 105 0,085 ~
8 0,012 4,0 x 105 0,086 "
10 0,012 6,0 x 105 0089
15 0,013 8,0 x 105 6,092
D0 0,013 1,0 x 106 N7 0,095
B0 0,014 1,5 x 106 Y 0104
10 0,015 2,0 x 106 N 0,112
60 0,016 30x106 ¢, 0,127
B0 0,017 4,0 x 1055) 0,140
100 0,018 6,0 x 106 0,156
150 0,020 8,0 X106 0,171
200 0,021 SL0x 107 0,181
400 0,023 3 1,5% 107 0,196
400 0,024 AV 2,0 107 0,203
400 0,026 EY 3,0 x 107 0,206
§00 0028  .C° 4,0 x 107 0,207
1,0[x 103 0029 (" 6,0 x 107 0,222
1,5x 103 0,033, 8,0 x 107 0,257
2,0[x 103 0/035 1,0 x 108 0,303
3,0[x 103 ~, 8040 1,5 x 108 0,408
4,0[x 103 7 0,043 2,0 x 108 0,470
6,0[x 103 SO0 0,049 3,0 x 108 0.522
gox103 {7 0,053 4,0 x 108 0,552
10k 104 A 0,056 6,0 x 108 0,608
1,5[x 104 S 0,061 8,0 x 108 0,668
2,0[x 104" 0,064 1,0 x 10° 0,736
3,0 5464 e

a  Intermediate values are to be calculated using linear interpolation.
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Table 8 — Factor H(t) for calculating the contribution by neutron capture (excluding 134Cs) to
the decay heat power according to Formula (28)

t(s)° H() t(s)? H(®)

0 0,015 4,0 x 10% 0,055

1 0,016 6,0 x 10* 0,063

15 0,016 8,0 x 10* 0,068

2 0,016 1,0 x 105 0,071

3 0,017 1,5 x 10° 0,075

4 0016 2.0 x105 0077

6 0,017 3,0 x 105 0,076

8 0,017 4,0 x 10 ~00,015

10 0,018 6,0 x 105 7 0071

15 0,017 8,0 x 105 o7 0,048

20 0,017 L0x106 " 0,066

30 0,017 1,5x106 -\ 0,0§9

40 0,016 2,0 x 1064 0,052

60 0,015 3,0 x(105” 0,040

80 0,015 40106 0,031

100 0,015 26,0 x 106 0,020

150 0,015 . 78,0x 106 0,015

200 0,015 207 1,0x107 0,012

300 0,016 K 1,5 x 107 0,010

400 0016 v 2,0 x 107 0,009

600 0,018 *O 3,0 x 107 0,1t

800 0,019~ 4,0 x 107 0,012

1,0 x 103 0,019 6,0 x 107 0,015
x 103 x 107

2010 M 1010 ool

: ~ : : 0%

3,0 x 103 NJ 0,025 1,5 x 108 0,033

40x108 47 0,028 2,0 x 108 0,08

60x103 O 0,031 3,0 x 108 0,037

8,0 x 1030~ 0,034 4,0 x 108 0,033

1,0 x29% 0,036 6,0 x 108 0,025

10+ 0,040 8,0 x 108 0,016

72,0 x 10 0,044 1,0 x 10° 0,011

e i

a2 Intermediate values are to be calculated using linear interpolation.
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Annex A
(informative)

Example of a calculation

A.1 Calculation description

The followirLg example for a pressurized water reactor (PWR) fuel element illustrates the procedulre as

defined in t
used.

For time int
intervals T,

— Initial e
— Powerd
— Uncerta

— Multiplg

his document. For the irradiation history, the simplified power histogram in Eigure 4

ervals T;, T; and T;, the same fuel operating powers P have been assuined. In the
and Ty, no power is generated. The other input data are as follows:

hrichment of the fuel: ay,=3,2%

ensity in the fuel: S = 34,3 kW per kg of uranitvm
inty of fuel element power: AP=0

of the standard deviation: n=1

According t¢ Formula (29) the total decay heat power is

PNZPS‘*

A.2 Calculation of Pg

The contrib
Formula (6)
time interva
sources![31[4]
fractions fo
purposes of]
fuel, the bur

htion Pg of the individual fission isotopes to the decay heat power is calculated by mea
with the numerical valués in Table A.1 being substituted for the P;, and T), of the indiv
Is. Values for P;, are not.defined by this document and are to be obtained from literj
or calculated usingvalidated computer codes. The power fractions are related to the fi
the fissile isotopes235U, 238U, 239Py, and 241Pu. The values below are intended only fg
this example caleulation. These values are primarily dependent on the enrichment d
nup, and the¥edctor type.

Table A.1 — Power fraction P,;,/P used in the example calculation

\.1 is

time

ns of
idual
iture
5sion
r the
f the

P,,/H=0,80 P,,/P = 0,06 P,,/P=0,13 P,,/P=0,01
P,,/P=T0,00 P,,7P=TU,00 P5,/P=TU,00 P,;/P=TU,00
P,3/P=0,60 P,3/P=0,07 Py3/P=0,29 P,3/P=0,04
P14/P=0,00 P,,/P=0,00 P5,/P=0,00 P,,/P=0,00
P,s/P= 0,40 P,s/P=0,08 Pys/P = 0,42 P,s/P=0,10

16
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