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ISO (the Interpational Organization for Standardization) is a worldwide
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work. ISO collaborates closely with the International Electrotechnical
Commission (|JEC) on all matters of electrotechnical standardization.
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The decay heat power of nuclear fuels is the thermal/po
by radioactive decay of fission and activation produets d
fuei foilowing the shutdown of a nuclear reactor: It is
physical quantity for the design of systems in*which th

power has to be taken into consideration as(a‘heat sourcg.

This International Standard gives the (ocal generation ¢
power as a function of the thermal fuel” power during o
spatial distribution of the energy conversion into heat, e.
is not considered. If required, evaluation of this is left to th

The calculation procedure u$ed has the advantage of e

wer produced
f the nuclear
an important
e decay heat

bf decay heat
peration. The
j. y-radiation,
e user.

bling decay

a
heat power to be calculated with an accuracy compara}ﬂe to that of

summation codes but without the need for complicated ca

For calculating the décay heat power or its individual con
user can employ methods and data bases of his own, prov
validity is established. For the fission product contribution
comparison with’ this International Standard.

The power'generated by delayed neutrons and activated
terial is\pot considered in this International Standard.

culations.

nponents, the
ded that their
this requires

structural ma-
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INTERNATIONAL STANDARD

ISO 10645:1992(E)

Nuclear energy — Light water reactors — Calculation of the

decay heat power in nuclear fuels

1 Scope

This Int
calculati
nuclear
the follo

— the @
clear

— thec

— the @
tron

This Int
reactors

rnational Standard provides the basis for
g the decay heat power of non-recycled
fuel of light water reactors. For this purpose
wing components are considered:

ontribution of the fission products from nu-
fission;

bntribution of the actinides;

ontribution of isotopes resulting from péu-
capture in fission products.

ernational Standard applies to light water
(pressurized water and boiling  water reac-

tors:) |oaded wnh a nuclear fuel mixture consisting

U 4
fuel isn

The calg
riods of

nd 2®U. Its application te\recycled nuclear
bt permissible.

ulation procedures apply to decay heat pe-
D and 10° s.

2 Definitions

For the purposes of this International
following definitions) apply.

2.1 decay heat'power of nuclear fuel:
power prodiced by radioactive decay

activation “products of the nuclear fuel,

shutdown of a nuclear fission reactor.
2.2, operating time: The entire period
charging of the reactor with fuel until
down considered.

2.3 decay time: The time elapsing aff
ing time.

2.4 power histogram: This approxim

Standard, the

5: The thermal
of fission and
following

from the first
the final shut-

er the operat-

ates the true

variation of power with time, subdivifled into inter-

vals of constant power output and fue

3 Symbols and subscripts

3.1 Symbols

composition.

Symbpl Quantity Unit
A(r) Factor to be apphed to the decay heat power of the ﬂssmn pr?ducts Pg for calcu- —
§20) Decay heat power of the fission products at time ¢ after a single nuclear fission MeV/s
of the fissile nuclide / by fission
Af{r) Standard deviation of f(r) MeV/s
by fission
FltTy) Decay heat power of the fission products of the fissile nuclide i at time ¢, after the MeV/s
irradiation time interval T referred to one fission per second by fission/s
AF(t,, T)) Standard deviation of Fi(t,,T}) MeV/s
) by fission/s
H(1) Factor to be applied to the decay heat power of the fission products Pg for calcu- -
lating the contnbutuon Pe from neutron capture in fission products (excluding
capture in '¥Cs)
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Symbol Quantity Unit

P, Total thermal power of the fuel during the k™ time interval T, R

P, Contribution of the fissile nuclide i to the thermal power of the fuel during the ™ 2)
time interval T,

Py(t,T) Total decay heat power at time ¢ after the end of operating time T 2)

Py(1,T) Summed decay heat power on the basis of fission product decays 2)

APg(t,T) Standard deviation of Pg(t,T) 2)

Ps(t,T) Contribution of the fissile nuclide i to the decay heat power P4(t,T) 2)

AP (1, T) Standard deviation of Pg(t,T) 2)

P(e,T) Contribution to the decay heat power through neutron capture in fission products 2
(excluding capture in 13:’Cs)

Pg(t,7) Contribution of actinides *°U and **Np to the decay heat power 2)

P.(t,T) Contribution of actinides (excluding 2*U and **Np) to the decay heat power 2

P (1,T) Contribution of '*Cs to the decay heat power 2)

(o2 Total thermal energy released from one nuclear fission of the fissile nuclide_i MeV|

by fissign

AQ; Standard deviation of the thermal energy released from one nuclear fission.of the MeV |
fissile nuclide i by fissign

t Decay time (see 2.3 and figure 1) s

e Time from the end of the 4™ time interval T, in the powef) histogram (see s
figure 1)

T Operating time (see 2.2 and figure 1) s

Ty Duration of the k™ time interval in the power histogram-(see figure 1) s

Ton Operating time minus shutdown intervals s

o Coefficient used for representing the decay heat power of the fission products as MeV/s
the summation of 24 exponential functions by fissign

By Coefficient representing the standard deviation3) of the decay heat power of the MeV/s|
fission products as the summation of 24 ‘exponential functions by fissign

Ay Exponent used for representing the decay heat power of the fission products and s
its standard deviations as the summation of 24 exponential functions

1) Any power unit can be used.

2) Same unit|as P,.

3) For 21py 4 value of 5 % has been.assumed.

3.2 Subscripts

Subscript denoting the fissile nuclides ~°U, 2°U, Z°Pu, 2 'Pu

~.

Summation subscript used for representing the decay heat power by a summation of exponential functions
Subscript used for enumerating the individual time intervals in the power histogram
Number of time intervals T} in the power histogram

3 x>~
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4 Calculation of decay heat power

41 General

To calculate the decay heat power, the following
components shall be considered:

— the contribution of the fission products from nu-
clear ﬁssuon of the four nuclides 2°u, #*8u, #°py

ISO 10645:1992(E)

contributions Pg(t,T) of the four fissile isotopes us-

ing the formula

PS(IT) ZPSL(tT)

i=1

()

Each contribution Pg(t,T) is in turn composed of the
summed decay heat powers of the m time intervals
of the power histogram and is calculated as follows

and 'Pu (other fissile nuclides shall be treated m ™ Py
u); Ps(t.T) = Z Ps{teTo) = ), o Fit.To)
k=1 k=1
— the ¢ontribution of the actinides; @
— the tontribution of nuclides resulting from neu- where
tron|capture in fission products.
Py is the thermal’ power released by fis-
The calculation procedures shall apply to decay sion:
times ¢ petween 0 and 10° s.
0, is the-total thermal energy released by
Decay peat power from delayed neutron-induced a singte fission (see tabld1);
fission and activation in structural materials are not
included in this International Standard and shall be P,/Q; <gives the fission rate [of the fissile

evaluateéd by the user and appropriately included in
any anglyses of decay heat power.

4.2 PTwer histogram

Generally, the composition and power output of the
fuel under consideration are subject to change dur-
ing the [operating time. This can be taken into _ac-
count fpr calculating the decay heat powek. by
subdividing the operating time into intervals-of con-
stant power and constant fissile nuclides\(approxi-
mated qomposition, see figures 1 and A1), It has to
be ensyred that the systematic errofiintroduced by
this ap;}l;oximation remains small compared with the

statisticpl error of the calculated decay heat power.
This cap be achieved by making the best possible
approximation of the fuel poewer at the end of the
operating time. The error.introduced by the approx-
imation|of the power<{in“the power histogram de-
creases| rapidly with=increasing decay time, the
accuracy of appreximation in the individual intervals
can dedrease with’increasing distance ¢ of interval
k from the deeay instant considered. Since a vari-
ation injthe relative power contributions of the fssule
nuclide lis-less important for 3

than a variation in the operating power a rougher
scaling is often sufficient for this purpose.

It is important to ensure that, in each time interval
of the histogram, the time integral of the total power
and the power from each fissile nuclide agrees with
the corresponding value of the actual power
histogram.

4.3 Contribution of fission products

The contribution Pg(t,7) of the fission products to the
decay heat power is calculated from the individual

nuclide i.

I(t,,T3) is the decay heat power of thg
i, referred to one nuclear fission per
time interval of duration T, and for a
it is calculated from the energy rele
fission products of a single fission at
sion as follows:

Tk
FT) = | T+ gaT
0

fissile nuclide
second, for a
decay time .
ase fi(f) of the
ime ¢ after fis-

.. (3)

Jfi(9) is calculated as follows by using {he coefficients

ay, Ay given in table 2.
24

A=) aye

j=1

The following equation is thus obtaing
24

&js
F(4.Ty) = Z /l,j‘ (1-

j=1"

e /‘ika)e' 'y

-(4)

K )

formula

4 m
Ps(’-T)=Z Z
i=1k=1

24 aij
Z [7{;(1 -

Jj=1

e-' A'IT")e_ /!l'jtk:| }

Hence the contrlbutlon Ps(t T) of th¢
e-decay he calculated using the

fission prod-

.(6)

Figure 1 illustrates a pbwer histogram with four time
intervals of varying power for the fissile nuclide i.
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. t A representation analogous to formula (4) is adopted
§ to calculate Af(f) using the following formula. (The
o f2 values of coefficients A; and B, are given in
t table 2.)
_h 24
— A
Pi Af() = Z B .. (10)
[ f=1
P ,§ !
3 hence
Pz & 24
AF(t,T}) Z ?(1 e HuTk)e™ i (11)
j=1 7
p For decay times # <1s, the standdrd-deviation
B AF(4,,T,) is calculated using the formula
Time
It Ty)
T4 T2 T3 Ts Decay AP;'(tk’Tk) = WS—T—)— AF}([k =1 S,Tk'
Operating time, T time, # STk
..(12)
Figyre 1 — Power histogram The standard deviatiofi APg of the decay heal power
of all fission produets'is calculated using the formula
4
| APg | = | APg,| . (13)
Thus, for the] decay heat power contributions =1
Pg(t,T), the individual times ¢ are calculated using
the formula
; 4.4 . Contribution of actinides
tyy=t+ly, 4.41 Contribution of 2°U and *Np
- 239 39
The decay heat power Pg(t,7) from ““U and {"Np is
Tk R 64 ;
/ calculated using the formula
The relative standard deviation of the decay heat Pg(t,T) = Z — [Fu(4. Ty) + Fyp(4. TR 1
power APg,/Pg,lof the fission products s ealculated
from the standard deviation AF(¢,,Ty) and the rela- 14
tive standard dpviation AQ,/Q;. --(14)
P, i total fissi te in ti int 1 4 i
The contributiop of the fissileiuclide i is calculated SS{)QSt:tSUIZZ iz ?orrl:li:(a)?1;? :;r;o'llrgxsl.n erval fand is
using the formyla ) '
P, Py
AP A — =) — .. (15
Si Ql + Q Z' Qz’ ( )
Pg; Qz t=
m | 2 For the summation in formula (14), only the [last 20
Z L3 AF(,.T,) o | days of the power histogram need to be considered.
Q, = kTk The terms Fy(4,T)) and Fy,(t,T,) in formula (14) are
+ k=1 2 ...(8) calculated using formulae (16) and (17) respectively.
si

The values of Q; and AQ, are given in table 1.

For decay time ¢ > 1,

the standard deviation

AF(t,.T,) is calculated using the formula

AF}(tk.Tk) =

Ty
f AT, = T' + 4)dT" .9
0

FU(tk’Tk) = EuR(1 - e_ ‘UTk)e.— AU"‘ - (16)
Frp(4.Ty) =
Ay
=E Rl —=Y (1 — e NeTk)g™ Anplk _
W[M_M( )
- lN (1—e MTh)e” ‘U’k] ..(17)
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Cs + n may

where 4.5 Contribution by neutron capture in fission
Lk, (= 09474 MeV) is the mean decay energy products
of “7U;
E, —0419 MeV) is the mean decay ener
NP ( pr’ ) y 9y 451 Contribution of **Cs
A (= 4991 x10*s” ) is the decay constant The *'cs produced by the reaction 133
of “"U; have a significant contribution to the decay heat
i power particularly for decay times in the region of
ANp f)f 39‘;\:‘)" 10°s") is the decay constant 10° s, and is therefore treated explicitly.

R is the ratio of the neutron capture rate in
%8 to the total fission rate at the end of
the operating time.

If the uder does not have any values for R, the fol-
lowing dpproximation may be used:

R=[1,18e">"""—02+62x107°BU ...(18)

where

a, |is the initial enrichment of %

by mass);

U (percentage

BU |is the burn-up of the fuel, in megawatts day
per kilogram of uranium.

Formulal(18) was developed for a typical light water
reactor | (LWR) spectrum and applies to initial
enrichments between 1,9 % and 4,1 %. It yields
conservatively high results.

4.4.2 Cpntribution of other actinides

The conftribution P,(47T) of the other actlmdes re-
sultmg from the neutron capture (excludmg °U and
Np) is|to be stated by the user.

The formula

The following formula applies

P

PCS(117) = EFCS(I’T) e (20)

where
4

P P;

= - (21

0 Z : @0
and

P B 1 — o Hato®

cs(6T) = 24 Ecop T o +

N o= 0PT _ o~ (g +o )T o A @)

03¢ - (14 + 0’4¢)

where

y  (=0,088 3) is the mean '®C$ yield per fis-
sion;

Eee (= 1 717 MeV) is the mean |decay energy

of "*Cs;
le  (=1071% 10" % s7 ') is the decay constant
of ! Cs
D is the total neutron flux in cth™ %s~ 1;
o3 (=10,7x10" 2 sz) is the sgectrum-
averaged (n, y) cross-sectiorn] of “°Cs.

o, (=16,8x10" 2 cm2) is the spectrum-
averaged (n, y) cross-section) of ~'Cs.

o3 and o4 were determined for a typicgl pressurized

Pa(e, AP - (19)

yields conservatively high results, when using the
factors A(f) from table3, provided the following
boundary conditions are fulfilled:

— initial enrichment, expressed as percentage by
mass, 1,9 % < a, < 4,1 %;

— burn-up, in megawatts day per kilogram of ura-
nium, BU < 12,5q,;

— power density, in kilowatts per kilogram of ura-
nium, S > 5aq,.

water reactor (PWR) spectrum. When applied to a
boiling water reactor (BWR) they vyield
conservatively high results.

For a power histogram, an effective irradiation time

T., an effective neutron flux @, and a mean fission

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

These are to be determined as follows:

m
Ta= . Ty (for all k with @, # 0)
k=1

-(23)
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D= .. (29)
eff k=1

P 1 N ik

T T 2 2o - 39)

If no value for neutron flux is available, the following
approximation can be used:

yields conservatively high results, when using the
factors H({) from table 4, provided that the following
boundary conditions are fulfilled:

— initial enrichment, expressed as a percentage by
mass, 1,9 % < g, < 4,1 %;

burn-up, in megawatts day per kilogram of ura-
nium, BU < 12,54y,

power density, in kilowatts per kilogram of ura-

Sk 13 -2 _—1
=—x258x10 : ...(26 i
Py =5 ~* 258 x (em™*s™ ) (26) nium, S > 5a,.
where 4.6 Total decay heat power
Sp  isthe power.dens'ity, in kilowatts per kilo- The total decay heat power is calculated uging the
gran} of uranium, in the fuel; formula
a is the effective enrichment of fissile ma- Py, T) = Pg(t,T) + Pg(t, ) +Pp(t,T) +
teria| which is calculated from the initial
enrighment a,, expressed as a percentage + Peg(t.T) + Pe(t,T) .. (29)
by mass.
The associated error-bandwidth AP shall be deter-
_% mined from standard deviation APg[ [see
loft = +1,0 .. (27) !
2 formula(13)] and) the uncertainty of the thermal

For enrichments and burn-ups typical of LWRs, @,
in formula (26) |yields values of P(¢,7) which exceed
the exact values by up to 5%. For shorter
irradiation times (< 25 MWd/kg) the approximate
solution overegtimates P (¢,T) by up to 15 %.

4.5.2 Contribytion of remaining capture reactions

The contributipn Pc(¢,7) made to the decay -heat
power by neutron capture in fission produets{(except
in 133Cs) is to he stated by the user.

The formula

Pe(t,T) = H()P(1,T) ...(28)

power during operation (AP/P) using the formula

2
AP, T) = n\/[APS(z,T)]2 + [pN(t, T) x é[_)P_ ]

... (30)

where n is the multiple of the standard dgviation

associated with the chosen confidence level

The other contributions to the decay heat pgwer Py,
P,, Ps, and P shall be determined conserjatively
and do not enter into the calculation of theg uncer-
tainty bandwidth. Using the approximate methods
of this International Standard for these contr|butions
results in reasonably conservative overestimates. If
the user does not have values permitting cognserva-
tive underestimates of the total decay heat| power,
then Py(t, 7) = Pg(t, T) may be used.

Table 1 — Tofal effective thermal energy (), released as a result of one nuclear fission of fissile nuclidg i, and
the corresponding standard deviation AQ;
Values in MeV/fission
i Figsite/ nuclide Qo Q2 Qi = Qe + Qe AQ;
1 2y 193,5 8,7 202,2 +05
2 By 194,6 10,9 205,5 +1,0
3 Bpy 199,7 11,5 211,2 +07
4 Hpy 201,8 11,9 2137 +07

case may be inserted by the user as appropriate.

1) Q.p, is the effective thermal energy resulting from one nuclear fission.

2) Q. is the effective thermal energy released from neutron captures 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
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Table 2 — Coefficients for the thermal fission of

235, 239 241
U, “7Pu,

1ISO 10645:1992(E)

Pu and for the fast fission of

238
u

Coefficients for the thermal fission of 235U
[see formulae (4), (5), (10) and (11)]

Coefficients for the thermal fission of 2Py
[see formulae (4), (5), (10) and (11)]

; MeV/s MeV/s A(s? i ( MeV/s ) ( MeV/s ) (s
1 ( fission ) B ( fission ) ( ) J * fission g fission ( )
1 0 1 29840 2,499 0 1 0 . 2319 5 2,183 6
2 6,505 7 x 10~ 2,573 9% 10~ 2,213 8 x 10 2 2,083 0x 10” 1,126 1% 10™ 1,0020x 10
3 5,126 4 x 10” 3,894 8 x 10~ 5158 7x 10~ 3 3,853 0x 10~ 2,106 3x 10~ 6,433 0 x 10~
4 2,438 4 x 10~ 9,689 7 x 10~ 1,959 4 x 10~ 4 2,2130% 10~ 1,134 1 x 107 z 2,186 0 x 10~
5 1,385 0 x 10” 4,653 6% 10~ 1,031 4 x 10~ 5 9,460 0 x 10~ 5.801 0% 10~ 1,004 0 x 10~
6 5,544 0 x 10~ 1,135 3 x 10~ 3,365 6 x 10~ 2 6 3,531 0x 10”2 1,353 8 x 10~ 3,728 0 x 10~ 2

2 —4 ~2 ~2 —4 —2
7 2222 5 x 10 3,989 3 x 10 1,168 1 x 10 7 2,292 0 x 10 8,760 8 x 10 1,435 0 x 10
8 3308 8 x 10” 6,805 6 x 10”0 3,587 0 x 10~ 8 3,946 0x 1073 1,636 0 x 10 4,549 0 x 10~
9 9301 5x 10~ 1,706 5 x 10~ 1,393 0 x 10~ 9 1,317 0 10~ 53738 x 107 1,328 0 x 10~
10 8l094 3 x 10” 14139 x 10~ 6,263 0x 10~ 10 7,052 0% 10~ 2,260 5 x 407 5,356 0 x 10~ 4
1 1]956 7 x 10~ 4,032 2% 10~ 1,890 6 x 10” 11 1,432 0% 10~ 7.045,4 3510” 1,730 0 x 10~
12 3253 5 x 10~ 5,046 8 x 10~ 5,498 8 x 10~ 12 1,7650 x 10~ 8,481\9x 10~ 4,881 0x 10~
13 7559 5 x 10~ & 3,701 7 x 10~ 2,095 8 x 1075 13 7,347 0% 10~ ¢ 2,972 1x 1077 2,006 0 x 10~ 5
14 2523 2 x 10~ 5,436 2 x 10~ 1,001 0x 1073 14 1,747 0x 10”8 9,950 9 x 10~ 8,319 0 x 10~
15 4l994 8 x 10~ 1,074 1 x 10~ 2,543 8 x 10~ 15 5,481 0 x 10~ 2,708 6 x 10~ 2,358 0 x 10~
16 1|83 1 x 10~ 3,604 2x 10”9 6,636 1 x 10™ 16 1,671 0% 10~ 7 8.352 7 x 10~ 6,450 0 x 10~
17 2660 8 x 10~ 53327 x 10~ 1,229 0 x 10™ 17 2,112 0 x 107 1,056 9 x 10~ 1,278 0 x 10~
18 2239 8 x 10~ 4,483 6 x 10” 2,721 3% 10~ 18 2,996 05640 1,497 8% 10~ 10 2,466 0 x 10~ ¢
19 | 8fi6d4 1x 107 % 1,631 4% 10”12 43714x10° 19 | 81070 107 1 2,552 1x 10~ 2 9,378 0 107 %
20 8797 x 10~ 1,760 8 x 10” 7,578 0x 10~ 20 5730 0 x 10”11 2,860 8 x 10~ 7,450 0 > 10~ m
21 2513 1x 10”1 4,985 6 x 10~ 2,478 6 x 10” 21 4138 0 107 14 2,072 2 % 10 0.426 0 x 10
22 3p17 6x 10~ 6,403 3 x 10 |¢ 2,238 4 x 10~ 22 1,088 0 x 10”12 5,420 6 x 10~ 1 0210 0 x 10™
23 4,603 8 x 10”17 9.1122x 10”1 2,460 0 x 10~ 23 24540 10~ 17 1,226 8 x 10~ D 640 0 x 10~
24 7,479 1 x 10 1,498 2 x 10 1,569 9 x 10 24 7,557 0 x 10~ 3,929 1x 10~ 1,380 0 x 10~

Coefficients for the fast fission of 2:mU Coefficients for the thermal fission of 2‘”Pu
[see formulae (4), (5), (10) and (11)] [see formulae (4), (5), (10) and (11)]

; MeV/s MeV/s (s i ( MeV/s ) ( MeV/s ) (s !
I ( fission ) B ( fission ) ( ) I « fission g fission ( )
1 0 1,709 6 x 10~ 2,905 5 1 0 0 2,200 0
2 1,231 1 2,285 0 x 10~ 3,288 1 2 6,971 9% 10~ 3,486 0 x 10”2 1,022 3
3 1,1486 2,888 7 x 10~ 9,380 5x 10~ 3 4,949 9 x 107 2,475 0% 10~ 28135x 10~
4 71070 1 x 10 1,538 5 x 107 3,707 3x 10~ 4 1,442 2x 10~ 7,211 0x 10~ 1,092 0 x 10~
5 2[520 9 x 10~ 4,597 1 x 10 1,111 8x 10~ 5 6,251 9x 10~ 3,126 0x 10”3 4,285 7 x 10”
6 7}187 0 10™ 1,575 4 X710 2 3.6143x 10”2 6 2,963 7 x 10” 1,481 9 % 10~ 1,428 6 x 10~
7 21829 1 x 10”2 20026 0 x 10~ 3 1327 2x 10”2 7 49236 10~ 2,4618x 10”4 51913 x 10~ :
8 61838 2 x 10”2 42720% 10~ 50133 % 10” 8 7,000 4 x 10~ 3,500 2 x 10~ 1,568 6 x 10
9 132 2x 10 7/993 5 x 10~ 1,365 5 x 10~ 9 1,298 9 x 10 6,494 5x 10~ 1,069 4 x 10~
10 6}840 9 x 10‘: 3,230 9 x 10~ 55158 x 10~ 10 —2,354 0% 10~ — 1,177 0 x 10” 5,388 3 x 10™
11 1}697 5x 10~ 1,040 8 x 10~ 1,787 3x 10~ 1 5,846 6 x 10~ 2,923 3% 10~ 3,615 4 x 10~
12 2l18 2x 107 1,203 3 x 10~ ¢ 4,903 2% 10~ 12 6,506 6 x 10”5 3,253 3% 10~ 9,215 9 x 10~
13 6}6356% 10~ & 3211 5% 10”7 1,705 8 x 10~ 3 13 — 5,184 0% 1075 - 2,592 0% 10~° 3,479 3 x 1073
14 1}007%x 1078 4,065 1x 10”8 7,046 5% 10”8 14 5,686 1 x 10‘2 2,843 1 x 10° ° 3,113 2% 10~
15 4, 10— 763 0% 10 Z3T90X 10 T5 1,896 2 X 10 9,481 0 x 10 7,922 6 x 10~
16 1,635 2 x 10~ 57770x 10”2 6,448 0% 10~ 7 16 44108 10~ 2,205 4 % 10”8 2,252 2% 10~ 8
17 2,335 5% 10” 8,010 3x 10™ 1,264 9 x 10™ 17 1,646 0 x 10~ 8,230 0 x 10~ 6,204 3 x 10™
18 2,809 4 x 10” 1,194 1 x 10” 2,554 8% 10”8 18 4,226 3% 10~ 19 2113 1x 10”1 2,041 9% 10”
19 36236)(10_1: 3,262 0 x 10~ ‘2 8,478 2 x 10~ 9 19 1,6772><1o"’10 eseeono’"’ 1,245 3 % 10~ 7
20 6,457 7x 10”11 3,221 3% 10~ 7.5130x 10™ w 20 | 46320107 ~2,3160x 10~ 4,194 1 x 10~ 8
21 4,496 3 x 10~ 2,256 0 x 10~ 24188 x 10” 21 3,878 4 x 10 1,939 2 x 10~ 2,479 1 x 10~
22 3,665 4 x 10~ 16 1,835 8 x 10~ V7 2,2739x 10~ 13 22 1,048 1 x 10~ 5,240 5x 10~ 12 1,154 7 x 10~
23 56293 x 10~ :; 2,810 7 x 10” :g 9,053 6 x 10~ ' 23 | —17910x10” 1'2 —8,9550x 10”14 3,875 9 x 10 190
24 7,160 2 x 10~ 3,5750x 107 5,609 8 x 10~ 24 5247 6 x 10~ 26238 x 10~ 7,444 0 x 10”
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Table 3 — Factor A({) for calculating the actinide contribution (excluding

power according to formula (19). (Intermediate values are to be found by linear interpolation.)

239

U and *°

Np) to the decay heat

t Alt) t A(r) t A(r) t A(r) t Ale)
(3 S S S S
0,0 0,008
1,0 0,009 1,0 x 10 0,017 1,0 x 10* 0,045 1,0 x 10° 0,088 1,0 x 10° 0,331
1,5 0,009 1,5 x 10° 0,019 1,5 x 10* 0,050 1,5 x 10° 0,098 1,5 x 10° 0,439
2,0 0,010 2,0 x 10 0,020 2,0 x 10* 0,053 2,0 x 10° 0,107 2,0 x 10° 0,499
3,0 0,010 3,0 x 10 0,021 3,0 x 10* 0,058 3,0 x 10° 0,122 3,0 x 10° 0,547
4,0 010 Z0x10° 0,022 20 x 10" 0,062 340 x 10° 0,134 40 x 10° 574
6,0 011 6,0 x 10° 0,024 6,0 x 10° 0,067 6,0 x 10° 0,152 6,0 x 10° 624
8,0 011 8,0 x 10 0,026 8,0 x 10* 0,070 8,0 x 10° 0,165 8,0 x 10° 677
1,0 x 10 ,012 1,0 x 10° 0,027 1,0 x 10° 0,073 1,0 x 107 0,174 1:0'% 10° 0,737
1,5 x 10 ,013 1,5 x 10° 0,029 1,5 x 10° 0,076 1,5 x 10’ 0,192
2,0 x 10 013 2,0 x 10° 0,031 2,0 x 10° 0,078 2,0 x 107 0,203
3,0 x 10 ,014 3,0 x 10° 0,034 3,0 x 10° 0,080 3,0 x 107 0,218
40 x 10 ,015 40 % 10° 0,036 4,0 x 10° 0,080 40 x 10’ 0,218
6,0 x 10 ,016 6,0 x 10° 0,040 6,0 x 10° 0,082 6,0 x 10’ 0,241
8,0 x 10 017 8,0 x 10° 0,043 8,0 x 10° 0,085 8,0 x 107 0,282

Table 4 — FaI:tor H(¢) for calculating the contribution by neutron capture in fission products (except in 133Cs)

to the decay heat power according to formula (28). (Intermediate values are to be found by linear interpplation.)
t H(¢) t H(t) t H(e) t H(t) t H (1)
S S S S S
0,0 017
1,0 017 1,0 x 10 0,016 1,0 x 10* 0,039 1,0 x 10° 0,073 1,0 x 10° ,057
1,5 017 1,5 x 102 0,016 1,5 x 10* 0,044 1,5 x 10° 0,066 1,5 x 10° 071
2,0 017 2,0 x 10 0,016 2,0 x 10* 0,048 2,0 x 10° 0,058 2,0 x 10° 076
3,0 017 3,0 x 10° 0,016 3,0 x 10 0,054 3,0 x 10° 0,047 3,0 x 10° ,074
40 018 40 x 10° 0,017 40 x 10* 0,059 40 x 10° 0,036 40 x 10° ,066
6,0 ,018 6,0 x 10% 0,019 6,0 x 10* 0,067 6,0 x 10° 0,027 6,0 x 10° ,047
8,0 018 8,0 x_10° 0,021 8,0 x 10* 0,072 8,0 x 10° 0,024 8,0 x 10° ,033
1,0 x 10 ,018 1,0 x 10° 0,021 1,0 x 10° 0,076 1,0 x 107 0,022 1,0 x 10° ),022
1,5 x 10 ,018 1,5 x 10° 0,023 1,5x 10° 0,081 1,5 x 107 0,020
2,0 x 10 018 2,0 x 10° 0,024 2,0 x 10° 0,084 2,0 x 107 0,020
3,0 x 10 047 3,0 x 10° 0,027 3,0 x 10° 0,084 3,0 x 107 0,023
4,0 x 10 0047 4-0x—106° 6,629 4-0-%10 6083 400~ 6,628
6,0 x 10 0,017 6,0 x 10° 0,033 6,0 x 10° 0,080 6,0 x 107 0,037
8,0 x 10 0,016 8,0 x 10° 0,036 8,0 x 10° 0,077 8,0 x 107 0,046
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Annex A
(normative)

Example of calculation

A1 Power histogram Initial enrichment of the fuel: a,=3,2 %
- - Power density imthe fuet——5= 34,3 kW per
The follqwing example for a pressurized water re- Kd of uranium
actor (P\VR) fuel element illustrates the procedure .
laid down in this International Standard. For the Uncertainty of fuel element
irradiatign history, the simplified power histogram in power: AP=0
figure A.] is used. Multiple of the standard
. . deviation: n=|1
For time| intervals T,, T; and T;, the same fuel el-
ement ppwers P have been assumed. In the time According to formula (29) the decay hdat power is
intervals| T, and T,, no power is generated. The p b . p p
other ingut data are as follows: n=Ps+ Pg+Pp+ Pcs+ Pe
Q
>
Q
1k —_—
013
0,06 0.29
0,42 29py,
0,07
I 0,08 Zoy
0,80 0,60
ZBSu
0,40
0.01 0,04 -
o 'y 0,10 21p,,
300 60 300 60 300 t
days days days days days
T4 T2 T3 Ts Ts
NOTE — Tlhe numerical values in the power histogram indicate the share of the fissile nuclides related to [he total power
output.

Figure A.1 — Power histogram for the example
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A.2 Calculation of Pg

The contribution Pg of the individual fission isotopes
to the decay heat power is calculated by means of

formula (6), the following numerical values being -

substituted for the P, and T, of the individual time
intervals.

A.3 Calculation of Py and P,

The contribution Pg of %% and **Np to the decay
heat power is calculated by means of formulae (14)
to (17), but since 75> 20 days only the last time in-
terval is considered. The factor R, assumed as un-
known, is determined by means of formula(18) as
R =0,743, with the burn-up BU = 30,87 MWd/kg re-
sulting from the irradiation time and the power den-
sity.

The contribution P, of the other actinides is calcu-

Pyy/P=0,80 Pyy/P = 0,06 Py /P =0,13 Py/P =0,01
Py,/P = 0,00 Py,[P = 0,00 P3,[P = 0,00 P4,/P =0,00
Pyy/P = 0,60 Py,/P = 0,07 Pgs/P =0,29 Py3/P = 0,04
Pyg/P=0,00 | PogP-em000——PyzfP-es,00——Prr}P-me 0,00
Py5/P = 0,40 Py/P =0,08 Py5/P = 0,42 Pss/P =0,10

T}, = 300 days | f, =1+ 720 days

T, =60 days | 1, =1+ 660 days

Tp = 300 days | 1, =1+ 360 days

1}, = 60 days | t, =1+ 300 days

T =300 days| 5=1

The desired decay time is ¢. T, and ¢, are to be ex-
pressed in seconds. The decay heat power of the
fission produdts Pg is obtained by the individual
contributions. [The uncertainty of the contributions
of the individual fissile nuclides is given by
formula(8), in| conjunction with formulae (11) and
(12). From this, and with the aid of formulae (13) and
(30), the uncdqrtainty bandwidth of the decay heat
power can bel| calculated. The results are given in
table A.1.

lated using formula(19) by multiplying &g| by the
factor A(f) given in table 3.

A.4 Calculation of P., and P.

The Caesium contribution Pgoto the decpy heat
power is calculated according to formula¢ (20) to
(27). The effective irradiation time is found from for-
mula (23) as T, = 900 days, and the effective neu-
tron flux results from formulae (24), (26) and (27) as
@ =3,404 x 10/ em~2s™". P|Q in formulh(20) is
calculated for\ this example as P/Q = 4,868 x
1073 Mev™ !,

The contribution Pg of the remaining capfure re-
actions.“is calculated according to formuld (28) by
multiplying Pg by the factor H(f) given in table 4.

The individual contributions to the decay heat power
determined in this way are listed in tablejA.1 and
figure A.2 together with their sum, as a furction of
the decay time ¢.

10
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Table A.1 — Results of calculation of the decay heat power according to clause 4

235U 238U 239Pu Z“PU Ps
Stan- Stan- Stan- Stan- Stan-
Decay dard dard dard dard dard
time, ¢ Pg,/P devi- Pg;lP devi- P[P devi- Pg;/P devi- Pg/P devi-
ation ation ation ation ation
10 1o 1o 1o 1o
s % % % % %
1x107" | 2561x1072 | 33 [6148x107% | 125 | 2130x1072 | 56 |6038x10"%| 50 |5900x107% | 52
1 2414x10 © | 33 |5478x10 ° | 125 | 2017 x10 © | 586 | 5587 x10 ° | 50 | 5537 k107 2| 5.2
1x10 | | 1,856x1072 | 20 |3962x107%| 96 |1614x1072| 42 |4199x107 | 50 | 4286%107°2| 38
1x10%| | 1204x107% | 18 | 2374x107%| 59 |1,105x1072| 42 | 2644x10°° | 50 N2B11k10°2| 34
1x10°| | 7201 x107% | 18 | 1355x1073| 50 |6736x10°°| 44 | 1533x10°°| 50{ 1691%10° 2| 34
1x10*| | 3557 x107% | 1,7 | 6456x107* | 44 |3178x107° | 49 | 7016x107* | (50 | s8082k10°% | 35
1x10°| | 1,699x107% | 20 |3193x107*| 38 |1618x10°%| 50 |3569x10) | 50 |3903k107%| 36
1x10°%] | 8727 x107* | 20 |1557x107%| 37 |7606x107¢| 50 | 169190 ¢ | 50 |1,98%10°°| 36
1x10" [ | 27201074 | 20 | 4717x107% | 40 | 2232x107*| 50 |5008x107°| 50 |596k107%| 36
1x10° | | 2096x1075 | 20 |4332x107% | 49 |2034x107°| 50 da761x107%| 50 |590k10°°| 35
1x10°[ | 9161 x10°8 | 20 |7836x10"7 | 50 |2740x10"% | 50N 4445x1077 | 50 | 1313k107°% | 29
Decay time, ¢
s Pe /P Pe/P Pg/P PplP Py/P
1 x|107" 4,147 x 107° 1,005 x 107 ° 3,200 x 1072 4,786 x 107 * $,382 x 10”2
1 4,147 x 107° 9,413 x 10=* 3,200 x 1073 4,983 x 107 * $,005 x 1072
1410 4,147 x 107° 7,745%710"* 3,192 x 1073 5,143 x 10~ * 4,738 x 107 °
1% 10° 4,147 x 10°° 4498 x 107 * 3,119 x 1073 4,779 x 10”4 1220 x 1072
1 % 10° 4,147 x 10°° 3552 x 107 * 2,540 x 1073 4,567 x 107 * 031 x 1072
1 % 10° 4,147 x 107° 3,152 x 10~ * 1,474 x 1073 3,637 x 1074 028 x 1072
1%10° 4,443 x 107" 3,035 x 10”4 1,075 x 107 ° 2,915 x 10”4 705 x 1073
1% 10° 4,103 %107° 1,429 x 1074 4,996 x 107° 1,723 x 1074 364 x 1072
1 %10’ 3,796% 107 ° 1,304 x 10°° 0,0 1,031 x 1074 461 x 1074
1 %108 19421 x 10~ 8 3,386 x 107 ¢ 0,0 1,966 x 10~ ° 9,666 x 10™°
1% 10° 9,257 x 10 '° 2,888 x 1077 0,0 9,676 x 10™° 309 x 10™°

1"
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Figure A.2 — Results of calculation of the decay heat power according to clause 4
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