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THE NUCLEAR REACTOR PRESSURE VESSEL
AND THERMAL SHIELD ACTIVITY

The results of the analysis of the pressure vessel and thermal shield (n,y) activity of the PWR
(WWER) reactor are presented. It was shown that the saturation activity is reached after six
months of the irradiation. Two years after the shut-down of the nuclear reactor the activity drops
to the level compared to the natural reactivity of the earth.

INTRODUCTION

The nuclear reactor pressure vessel and thermal shield are working in the field
of neutron and gamma flux. After the start-up of the nuclear reactor in a few
months they become highly active. The activity of the pressure vessel is due
mainly to the (n,y) reaction. After the shut-down the nuclear power station the -
activity of the pressure vessel drops. The nuclear reactor core is located in the
pressure vessel, hence the vessel is the biggest source of activity compared to
the rest of equipment of the primary circuit. - -

1. ANALYSIS OF THE THERMAL SHIELD AND PRESSURE VESSEL
ACTIVITY

The cylindrical pressure vessel and thermal shield have been approximated by
plate of the same thickness as the vessel wall. According to this assumption
the calculations of the activity have been done for the infinite plate (Fig. 1) [5].
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Fig. 1. The cylindrical pressure vessel approximation by a plate

The isotopic content of the steel layer (PN-72/H—84018) is:
C 0,03%, Cr — 17%, Ni — 12%, Mo - 2, 5% Fe — 68,4%
The isotopic content of the austenitic layer (PN—71/H—86020) is:

C-0,15%, Mn — 1%, Al - 0,02%, V — 0,1%, Ti — 0,07%, Nb — 0,04%,
N ~ 0,1%, Fe — 98,52%

The physical parameters of the isotopes present in these two material are
given in Table 1 and Table 2. _
The growth of the activity of the layer is given by the expression

A(t) = Ngo_, @ (1-€*i'); i=1,2,3,..,n )
where: @& - the neutron flux on the inside surface of the layer [cm2-s™], R
i - number of isotope,

N,, — number of atoms of the 1sotope i in the unit volume of the
~ material for ¢ =0 [at-cm™],

o, . — microscopic cross section for absorption in the isotope i [b],

A, — decay constant [s™'].

It is more convenient to relate the activity to the one ton of the material layer.

The volume of the one ton of steel C = 0,127-10° cm® instead of ¥ = 1 cm®
was taken in the calculation. We can write eq.(1) in the form

Ait) = CONyo,(1 - exp(—lit)); i=1,2,3,.,n. ¥
In the calculation the thermal neutron flux of constant value ® = 10'> cm™2-s™!
has been assumed. After certain period the activity of the pressure vessel reaches
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the saturation value A, . After the nuclear reactor shut-down we observe the
exponential decay of the activity

A(t) = Agexp(-At); i=1,2,3,.,n 3)
Table 1
The parameters of the activated isotopes in the steel layer
Isotope Natural Radia-
PC | abundan- Isotope tion
before X after i T a
irradia. | €10 o, ter irra- 12 Yy energy
tion element diation
[%] [b] s [em™] | [MeV]
26Fe58 033 | 080 26Fe59 | 4604 | 114107 | 212104 | 130
25Mn55 100,00 | 13.40 25Mn56 260 | 740-10° | 132:102 | 177
13A127 1000 | o021 | 13Al28 23min | 50210° | 253-10% | 178
23v51 9980 | 4,50 23V52 39mn | 29610° | 302-10% | 150
22Ti50 530 | 530 22Ti5 VL 6omin | 1,03-10° | 530-10° | 032
a0 | 10000 {10000 |, N | 66min | 175100 | 21510% | 004
< 110 [34mb | | ss00a | 230101 | 41510% Oél_‘s
N13 037 | 2400 | NI | 735 - - -
7 7
Table 2
The parameters of the activated isotopes in the austenitic layer
Isotope Natural Radia-
P¢ | abundan- Isotope tion ,
before X after i T 2
ireadia- | ¢ 10 o, fter irra- i y energy -
tion element diation _
[%] [b] s [em™] [MeV]
26Fe58 033 | 080 26Fe59 46 d 1,74-107 | 147-10% | 130
40| a0 [ 1600 | Lot | 270 | 297107 [ 998107 | 032
28Ni64 19 | 300 28Ni65 250 | 77010° | 573-10% | 093
98 9 S >
Mo 238 | 013 | ,-Mo 67h | 287-10° | 485-10° | 034
42 42
P 1,10 |35 mb 6c14 58002 | 230-10° | 3.86-107 061_6
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2. RESULTS AND DISCUSSION

The calculations of the activity have been done for the steel layer of the thick-
ness H = 14 cm and for the austenitic — stainless steel layer of the thickness
H=0,6 cm. In the first step the thermal neutron flux @, = 102 cm 257!
has been assumed. In the second step one group fast flux 0,4 MeV and

@, = 10" cm™2:s™! has been assumed. The activation cross section of iron

26Fe58 (Fig. 9), and other isotopes present in the alloys obey ,,1/v law”, hence
the activity from the fast part of the neutron flux is 10° times smaller than from

the thermal part.
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Fig. 2. The steel layer activity growth after the start-up of the nuclear reactor. @ = 101 cm2-57L,

H=14cm, 1 - Fe59,2—-25Mn56,3—13A128,4— v2 5 16— Nt
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The activity is proportional to the flux magnitude. In these calculations
constant thermal flux @, = 103 cm™-s7! has been assumed in the shield, i.e.
the value of the flux in the reactor core, which is a very conservative assump-
tion. Hence, the presented results of the analysis are too pessimistic. The satu-
ration activity is proportional to the steel layer and stainless steel cladding
thickness (Fig. 6). It takes place after six months of the irradiation start-up and
reaches 10'® Bq-t™! (Fig. 3). The greater part of the steel activity is given by

25Mn56 (Fig. 3). The smallest part to the activity 3-10!° Bq-t™! is given by

A128; The values of the saturation activity of vanadium, iron, titanium and

13

'
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niobium are in between (Fig. 2). As it can be seen, the activity of one ton of
the reactor vessel equals the activity of 0,3 ton of radium. After the shut-down
of the nuclear reactor the activity of the nuclear power station primary coolant

circuit drops. The activity of aluminium, 13A128, vanadium 23V52, titanium

22Ti51 and niobium 41Nb94 becomes negligible after few hours. The acti\;ity

of manganese 25Mn56 becomes negligible after several hours (Fig. 4). The
iron 26Fe59 activity drops to the level 10! Bq-t™! after two years of cooling
Fig. 5).

E17

E16 =

total steel layer activity A[Bq/t ]
N
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Fig. 3. The total activity of the steel layer after the start-up of the nuclear reactor;
®, =10% cm™?-s7!, H =14 cm

The saturation activity of the stainless steel cladding occurs after a few

months of the irradiation start-up and reaches 10'6 Bq-t™! (Fig. 7). The greater

part to the cladding activity is given by 24Cr51

Mo-99. After the nuclear reactor shut-down the activity of the stainless

and the smallest part is given

by 42
steel cladding drops to the level 10! Bq-t™! after two years of cooling (Fig. 8).

The activity of nickel 28Ni65 and molybdenum 42Mo99 becomes negligible in

a few hours. The activity of chromium 24Cr51 drops to the level 10® Bq-t™!
after three years of cooling and the activity of iron 26Fe59 to the same level

after five years after the nuclear reactor shut-down.
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Fig. 6. The saturation activity of the steel as a function of the layer thickness; 1 — the austenitic
(stainless) steel, 2 — the construction steel (vessel and thermal shield), ®, = 10'* cm™2-s™!
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Fig. 7. The austenitic layer activity growth after the start-up of the nublear reactor;
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3. CONCLUSIONS

The saturation activity is reached in the steel pressure vessel and thermal shield
after six months of the nuclear reactor start-up and equals 10'® Bq-t™\. The

greater part to the activity of the steel is given by 25Mn56. It is gamma acti-

vity of 1,77 MeV with T, =2,6 h. Similar saturation activity is reached by
the austenitic layer after three months of irradiation. The greater part to the
activity of the austenitic layer is given by 2 4Cr51. It is gamma activity of
0,32 MeV with T;,, =27 d. After the nuclear reactor shut-down the activity of
the pressure vessel drops and in two years of cooling reaches 10'° Bq-t™!. The
natural uranium radioactivity equals 1,7:10'! Bq-t™! and the natural radioac-
tivity of the earth equals 10° Bq-t™ [3].

One should remember that the reactor core is located in the pressure vessel,

hence the vessel is the biggest source of activity compared to the rest of equip-
ment of the nuclear power station primary coolant circuit.

REFERENCES

1. JLIL ASarxH, H.O. Basassan, U.M. Bospapenko, M.H. Huxoiraes: IpymmoBsre KOHBCTAATEI
QAT macyera aiepHRIX peakropoB. ATomusnart, Mocksa 1964.

2. E. Browne, R. Firestone; Table of radioactive isotopes. J. Wiley Interscience Publ., N.York
1986.

-A. Ciszewski, T. Radomski, A. Szummer: Materiatoznawstwo. OWPW, Warszawa 1996.
D.J. Hughes: Neutron cross-sections. BNL-325 plus supplements.
F.J. Rahn: A guide to nuclear power technology. J. Wiley & Sons, 1984.

T. Tamura, T. Tachibana, T. Horiguchi: Chart of the nuclides. Japan Atomic Energy Re-
search Institute, 1992. :

AN I

- WZROST I ZANIK AKTYWNOSCI ZBIORNIKA CISNIENIOWEGO
REAKTORA JADROWEGO

Streszczenie

Badano, po jakim czasie mozna przystapié do demontazu urzadzeri obiegu pierwotnego
wodno ci$nieniowego reaktora jadrowego w wylaczonej elektrowni jadrowej. Przedstawiono
wyniki analizy wzrostu i zaniku aktywno$ci zbiornika i ostony termicznej. Obliczenia wykonano
dla réznych wartosci grubosci $cian i warstwy platerowanej. Uwzgledniono reakcje (n,y) i dwie
grupy neutron6w, termiczng i predka 0,4 MeV. Najwickszy wklad w aktywacje stali konstruk-
cyjnej zbiornika i ostony termicznej ma izotop manganu o liczbie masowej 55. W wyniku
reakcji (n,Y) powstaje promieniotwérczy mangan 56 o okresie pétrozpadu 2,6 h i energii kwan-
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t6w gamma 1,77 MeV. Aktywno$¢ nasycenia wynosi 10'® Bq-t™'. Osiagana jest po szeciu
miesigcach pracy reaktora. Podobna warto§¢ ma aktywno$¢ nasycenia warstwy platerowanej
osiggana po 3 miesigcach napromieniowania. Najwickszy wkiad w aktywacje ma izotop chro-
mu-50. Powstaje chrom 51 o okresie péirozpadu 27 dni i energii kwantéw gamma 0,32 MeV.
Po wylaczeniu reaktora aktywn$é zbiornika i oslony termicznej spada w ciggu 2 lat do okolo
10'% Bg-t™.. Jest to aktywnos¢ poré6wnywalna z naturalng aktywnoécia gleby.

AKTHBAIIKH ¥ 3ATYXAHHUE KOPIIYCA SJIEPHOTO PEAKTOPA TIOJ| HABIEHHUEM

KpaTkoe conepxanne

B pa6ote mposepeHE! HCCIe0BABHA, Yepe3 KaKoe BpeMsS MOXHO TIPHUCTYIHTE K fe-
MOHTaXY Qdopyndnam TIEepBOTO KOHTYPAa BOJO-BONAHOIO DREPreTHYECKOTO SAHEPHOrO
peaxropa. IIpeliCTaBiCHBI DE3YNLTATHI DPACICTOB pPOCTA M 3aTYXaHWsd AKTHBHOCTH
KOpIlyca W TEILNIOBOM 3aMMTHEI BOXO-BONAHOIO pPEaKTOpa B pesyikTaTe pearknud (n,y).
IIpwaaTs BO BHEMaHWe JiBe TPYIIEI HEHTPOHOB: Telnobkle u 6ucrprie 0,4 MeB. Ilokasano,
YTO caMblii GONBIION BRIAJ B AKTUBAIAIO KOPOyca IOCKE 340ycKa SIEPHOTO PEarTopa
BHOCHT H30TOI MaBraHen-55. B pesynerate peaxuwm (n.y) oﬁpasye'rcz raMMa PagmoaK-
THBHEDA MamTaHen-56 (7, = 2,6 4 # ramma 1,77 MeB).

Yepes mecTh MecameB paGOTEl peakTopa AKTHBHOCTL COCTABISET 10'6 Eg- -

a Jyepe3 TPH Mecdla aKTHBHOCTh HAILIABKH MMEET Ty CaMylo c¢romMocTk. IlokasaHo, aro
HaRGONELIMMI BKIAJ B aKTHBHPOBAHHWE HANNABKM BHOCHT m30Tom xpoMa-Cr51. B pesyme-
TaTe peakumym (1Y) obpasyercd raMma palWOAKTHBHELI m3oronm xpoma-Cr51. Copepxa-
HHAE XpOMa B CINAaBax Crand pasHo 17%. M3 sTHX ceMBajmaT# mpomeHTOB Xpoma 4,4%
cocrapnster m3oron Cr50, KOTOpBIM aKTWBHpYyeTcsi. Ilocme OCTAHOBKM DEAKTOpa AKTHB-
HOCTh KOpHyca M TEIUIOBOH 3AIIATHI CHUXACTCH B TeveRTe mayx zer mo 10" Eq-t™.
OTa aKTABHOCTE PABHA aKTHBHOCTH seMJm i
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Appendix

THE NEUTRON FLUX

Let us consider the first case where attenuation of the flux in the layer is due to the absorption.
The thermal flux in the layer ®,(x) is given by the expression [2]

éz(x) = d)zoexp(—(Xi:Nwo;i)x) a

The attenuation of the thermal flux in the thermal shield and pressure vessel is shown on the
Fig. 3 and Fig. 4. ‘

A2
core reflector thermal H,0 vessel H20
R =144cm H20 shield |H=10cm Fe H=100cm
H=250cm} H=20cm Fe H=14cm
H=3cm
ol r

Fig. 1. WWER-440 type reactor approximation layers thickness

Let us consider the second case where diffusion and slowing down of neutron are taken into
acount. Let us assume WWER-440 type reactor (Fig. 1). The thermal neutron flux @,(x) result-
ing from fast neutron plane source ®, [cm™2-s7'] is given by the exppression [2]

o) = o, szn/la [e"‘""[l +erf 2 x)llz _- (12):/2 ]] .
)

4D,
1 _erf[_.x_. +(_12_)1_f]]]
2o L

The two group flux (diffusion theory) @,(x) and ®,(x) in the reactor core is shown in the
Fig. 2. The thermal flux (diffusion and slowing down theory) @,(x) in the layers is shown in
Figs. 3,4 and 5. The thermal absorption flux in the thermal shield and vessel is greater than fast
source (diffusion and slowing down theory) thermal flux. Hence, in the first approximation the
flux of constant value has been taken in the calculations.

@

. en
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Fig. 2. The two group flux in the PWR reactor core; R = 144 cm, H = 250 cm, reflector H,0,
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Fig. 3. Thermal flux ®,(x) in the thermal shield WWER-440 type reactor; 1 — absorption
(eq.1), 2 — diffusion and slowing down (eq.2)
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Fig. 4. Thermal flux ®,(x) in the vessel WWER-440 type reactor; 1 — absorption (eq.l),

theérmal Fflux:1-abs., 2- diff + sl. [em™s°"

thermal flux: 1-abs., 2- diff +sl [cm™%s™)

001

0001

EF-51 1 1 L
00 10 20 30 40 50 6,0 70 80 9,0 100 11,0 120 130 14,0

™m
-

™
\
L

‘5~~~A.---M——‘r

L il [ A [] L 1 1 1

xlem]

2 — diffusion and slowing down (eq.2)
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