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The pres ent pa per con sid ers the ap proach to an as sess ment of tech no log i cal ra di a tion sources
in the pri mary wa ter-wa ter re ac tor cir cu la tion loop. In prin ci ple, such an eval u a tion is a
multidisciplinary task that cov ers not only the ir ra di a tion of the nu clei, the for ma tion of new
iso topes and their de cay when they are un sta ble, but also cal cu la tions in the field of hy drau lics
in or der to per form an as sess ment of the ir ra di a tion time and the de cay time. A gen eral and a
more de tailed re view of the ra di a tion sources for ma tion in the nu clear fa cil i ties and the pool
type re search re ac tors with de min er al ized wa ter as a heat car rier are pre pared. The ini tial iso -
to pic com po si tion of the heat car rier has been adopted ac cord ing to the Vi enna Stan dard
Mean Ocean Wa ter rec om mended by the In ter na tional Atomic En ergy Agency.
The gen eral math e mat i cal model of the pro cesses of nu clei ir ra di a tion, the for ma tion of new
iso topes and their de cay, the as sess ment of the ir ra di a tion time and the de cay time is de scribed
in de tails, en abling the rep e ti tion of this eval u a tion to a par tic u lar fa cil ity. The pre sented ap -
proach is ap plied in the re con struc tion de sign of the nu clear re search re ac tor IRT-2000, So fia, 
Bul garia. 
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INTRODUCTION 

The main source of ion iz ing ra di a tion in most
nu clear fa cil i ties is the re ac tor core. The ion iz ing ra di -
a tion sources in the pri mary cir cu la tion loop are fis -
sion prod ucts which could leak into the cool ant from
the fuel on ac count of de fects and/or dam ages in the
fuel el e ments clad ding ac ti vated el e ments of the heat
car rier and its im pu ri ties and ac ti vated cor ro sion prod -
ucts of the struc tural ma te ri als [1]. Other ion iz ing ra di -
a tion sources are the stor age pools for ir ra di ated fuel,
the equip ment of the wa ter treat ment sys tems, the ven -
ti la tion sys tems, etc.

The pool type re search re ac tors are usu ally wa ter 
cooled, wa ter mod er ated, with two cool ant loops, so
the pres ent study cov ers the pe cu liar i ties of this type of 
re ac tors.

The safety anal y ses re port (SAR) scope of the re -
search re ac tor in cludes the as sess ment of the ra di a tion
sit u a tion in the pre mises of the pri mary cir cu la tion
loop pump ing sta tion and on the top of the re ac tor at
nor mal op er a tion and in emer gency sit u a tions. The in -
duced ac tiv ity of the heat car rier in the pri mary cir cu -
la tion loop has a sig nif i cant share in the ra di a tion sit u -

a tion at these places. It con sists of the cool ant ac tiv ity
and the ac tiv ity of its im pu ri ties. The im pu ri ties con -
sist of tech no log i cal im pu ri ties, prod ucts of cor ro sion
and fis sion prod ucts leaked in the cool ant due to the
dam aged fuel el e ments.

It is as sumed that the fis sion prod ucts en ter the
cool ant only from the fuel el e ments with dam aged
clad ding, which is con sid ered as an emer gency sit u a -
tion.

The pres ence of ra dio ac tive cor ro sion prod ucts
in the tech no log i cal loop is due to the fol low ing pro -
cesses:
– the ac ti va tion of the struc tural ma te ri als un der the

di rect ir ra di a tion with sub se quent cor ro sion and
en ter ing of its prod ucts in the cool ant,

– the ac ti va tion of the sta ble nu clei in the cor ro sion
prod ucts due to the ir ra di a tion dur ing the cool ant
pas sage through the core, and

– the ac ti va tion of the sta ble nu clei in the cor ro sion
prod ucts dur ing their sed i men ta tion on the struc -
tures sur face in the ir ra di a tion area.

The pe cu liar ity of pool type re search re ac tors is
the use of de min er al ized wa ter as a heat car rier, alu mi -
num al loys as ba sic con struc tional ma te rial of the pri -
mary cir cu la tion loop and in ter nal pool de vices and
stain less steel pip ing be tween the pool and the pri mary 
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cir cu la tion loop pump ing sta tion, mak ing the avail -
abil ity of prod ucts of cor ro sion a neg li gi ble value.

An ad di tional fac tor in the ra di a tion sit u a tion on the
top of the re ac tor is the pres ence of ion iz ing ra di a tion
sources for do sim e try equip ment cal i bra tion and ir ra di -
ated sam ples in the ver ti cal ex per i men tal chan nels. The
con tri bu tion in the com mon ra di a tion back ground of these 
sources is con sid ered sep a rately in the ra di a tion sit u a tion
as sess ment of the rel e vant ac tiv i ties safety anal y sis. 

Based on the fore go ing, the pres ent study cov ers
only the heat car rier ac tiv ity caused by the ir ra di a tion
of the nu clei of the wa ter mol e cule el e ments.

GENERAL DESCRIPTION
OF THE TASK

The sub ject of the pre sented study is the im pact

as sess ment on the ra di a tion sit u a tion in two con trol

points. The first point is the pump ing sta tion pre mises

of the pri mary cir cu la tion loop, in which the pipes and

the heat exchanger are ex am ined as a lin ear ra di a tion

source. The sec ond con trol point is a vol u met ric ra di a -

tion source in the re ac tor pool on the out let level of the

grid of the ejec tor sys tem ves sel with the fol low ing di -

men sions: the height and the width of the grid and a

length equal to the dis tance be tween the grid and the

point above the cen ter of the re ac tor core. The eval u a -

tion pur pose is pro vid ing the data for the sub se quent

as sess ment of the ra di a tion sit u a tion in the pump ing

sta tion pre mises and on the top of the re ac tor at nor mal

op er at ing con di tions. As the only source of sec ond ary

ra di a tion on the spec i fied lo ca tions, the iso to pic com -

po si tion of wa ter is dis cussed in more de tail.
The iso topes con tent of hy dro gen and ox y gen in

nat u ral wa ters is de fined by the in ter na tional stan dards
set by the In ter na tional Atomic En ergy Agency (IAEA):

The stan dard – Vi enna Stan dard Mean Ocean
Wa ter (VSMOW) de ter mines the iso to pic com po si -
tion of the world ocean wa ter.

The stan dard – Stan dard Light Ant arc tic Pre cip i -
ta tion (SLAP) de ter mines the iso to pic com po si tion of
the nat u ral wa ter in Antarctica.

The stan dard  – Green land Ice Sheet Pre cip i ta -
tion (GISP) de ter mines the iso to pic com po si tion of the 
nat u ral wa ter in Green land.

It is ap par ent that the pres ent study should be
guided by the data in the VSMOW stan dard, pre sented 
in tab. 1 [2].

As a re sult of the wa ter nu clei ir ra di a tion, new
iso topes  are  ob tained.  They  are pre sented  in  tab.  2
[1, 3-5].

The trans for ma tion chain and the de cay chain of
the ob tained iso topes are as fol lows
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Based on the pro vided in for ma tion, the ac cu mu -
la tion of ra dio ac tive iso topes in the con trol points is
as sessed.

It is ap par ent that some of the wa ter
isotopologues are con tained in rel a tively small
amounts in nat u ral com po si tion. The fol low ing cri te -
rion is ac cepted as a first step for the study sim pli fi ca -
tion: the re spec tive isotopologue is neg li gi ble if its
con tent is less than 10–4 %. As a sec ond sim pli fi ca tion
step, it is ac cepted that only the iso topes with elec tri -
cally neu tral em a na tion will be ex am ined. Given these
cri te ria the pres ent study cov ers the ox y gen nu clei of
the isotopologues pre sented in tab. 1 on po si tions 1, 2,
4, and 7.
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Table 1. The isotope content of water according to the
VSMOW standard

Position
number

Water
isotopologue

Molecular
mass [u]

Contents
[gkg

–1
]

Contents
[%]

1
1
H2

16
O 18,01056470 997,032536356 99,7032536356

2
1
H

2
H

16
O 19,01684144 0,328000097 0,0328000097

3
2
H

16
O 20,02311819 0,000026900 0,0000026900

4
1
H2

17
O 19,01478127 0,411509070 0,0411509070

5
1
H

2
H

17
O 20,02105801 0,000134998 0,0000134998

6
2
H

17
O 21,02733476 0,000000011 0,0000000011

7
1
H2

18
O 20,01481037 2,227063738 0,2227063738

8
1
H

2
H

18
O 21,02108711 0,000728769 0,0000728769

9
2
H2

18
O 22,02736386 0,000000059 0,0000000059

Table 2. Activation reactions and properties of the
 obtained isotopes

Number Activation
reaction

Microscopic
cross-section for

activation,
sa [1024 cm2]

Half-life of the
obtained

isotope, T½

1 16O(n, p)16N 1.90×10–5 7.13 s

2 17O (n, p) 17N 5.30×10–6 4.14 s

3 18O (n, p) 18F 8.00×10–6 109.77 min

4 18O (n, g) 19O 1.60×10–6 26.91 s

5 2H (n, g) 3H 5.19×10–4 12.33 year

The pre sented cross-sec tions of the ra di a tive cap ture
re ac tions (n, g) are for the en ergy range of ther mal neu trons;
the other cross-sec tions are av er aged on the fis sion neu trons spec -
trum



MATHEMATICAL MODELING 
OF THE PROCESSES 

The math e mat i cal model for cal cu lat ing the
cool ant ac tiv ity de pends on the re ac tor cool ing tech -
no log i cal scheme [1, 4, 6]. In the sim plest case, with a
sin gle-phase cool ant with out the con tour branches,
leaks and fil tra tion sys tem, the spe cific ac tiv ity of the
iso tope i is cal cu lated us ing the for mula
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where ak
i  [Bql–1] is the spe cific ac tiv ity of the iso tope i

in the cool ant af ter k num ber of cir cu la tion cy cles,  Y i –
the in te gral of the nu clide pre de ces sor ac ti va tion of
iso tope i in the cool ant, li [s–1] – the de cay con stant of
iso tope i, t [s] – the ir ra di a tion du ra tion of the cool ant
in the re ac tor core, k – the num ber of the heat car rier
cir cu la tion cy cles in the cool ant loop, t [s] – the du ra -
tion of the cir cu la tion cy cle, and t`[s] – the heat car rier
run time from the re ac tor core to the con trol point.

The in te gral of the ac ti va tion Y i  de ter mines the
for ma tion rate of iso tope i per unit vol ume of the cool -
ant in the re ac tor core

Y E E Ei

a

iEn

= åò j( ) ( )n n nd
0

(2)

where j(En) [cm–2s–1] is the av er aged over the cool ant
vol ume neu tron flux with en ergy En, ( )Ea

i
nå  [cm–1] –

the mac ro scopic cross-sec tion of the nu clide pre de ces -
sor ac ti va tion of iso tope i upon ir ra di a tion with neu -
trons with en ergy En.

The mac ro scopic cross-sec tion of the nu clide
pre de ces sor ac ti va tion is cal cu lated us ing the for mula

( ) ( )E Ei i
a

i

n n=å r s (3)

where ri [cm–3] is the nu clear den sity of the nu clide
pre de ces sor of iso tope i, si(En) [cm–2] – the mi cro -
scopic cross-sec tion of the nu clide pre de ces sor ac ti va -
tion of iso tope i upon ir ra di a tion with neu trons with
en ergy En, 1024.

The nu clear den sity of the nu clide pre de ces sor
of iso tope i is cal cu lated us ing the for mula
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where NA = 6.02214086×1023 mol–1 – the Avo ga dro's
num ber,  gs [gcm–3]   –  the  den sity  of  the  sub stance,
Ms [u] – the atomic mass of the sub stance, ni – the num -
ber of at oms of the nu clide pre de ces sor of iso tope i in
the sub stance mol e cule, and xi – the isotopologue con -
tent in the sub stance.

If the tech no log i cal scheme bi fur cates, the pre -
sented model is com pli cated be cause of the need to
con sider the du ra tion of the cool ant move ment
through ev ery sec tion, the neu tron flux on the rel e vant
sec tion (if the branch is in the re ac tor core), etc.

As a rule, the cool ant of pool type re ac tors is sin -
gle-phase and, there fore, a vari ant of the math e mat i cal
mod el ing of two-phase cool ant is not con sid ered.

The pre sented as pects of the math e mat i cal mod -
el ing of the task show that its so lu tion could be only
the re sult of a multi dis ci plin ary ap proach to the prob -
lem. The so lu tion in cludes neu tron-phys i cal cal cu la -
tions of the re ac tor core, hy drau lic cal cu la tions of the
loop to de ter mine the ir ra di a tion du ra tion of the nu -
clide's pre de ces sors, their ac ti va tion and the de cay
time in the check points. 

At nor mal op er a tion the cool ant flow rate is con -
stant and its ve loc ity var ies de pend ing on the open
flow area of the loop sec tion. Un der cer tain loop geo -
met ric pa ram e ters, the ve loc ity val ues of the cool ant
and the pas sage time through each sec tion and the con -
tour as a whole can be de fined.

The re ac tor core is adopted as the first of the con -
sid ered sec tions. The av er age cool ant ve loc ity through 
the re ac tor core is de fined by the for mula [7]

v
G

S
RC

RC

= (5)

where vRC [ms–1] is the cool ant ve loc ity through the re -
ac tor core, G [m3s–1] – the flow rate of the cool ant, and
SRC [m2] – the open flow area of the re ac tor core.

Af ter the cool ant ve loc ity through the re ac tor
core is ob tained, the ir ra di a tion time t is cal cu lated

t =
l

v
fm

RC

(6)

where lfm [m] is the length of the fuel sec tion.
In the next sec tions the ve loc ity val ues are

chang ing on the fol low ing re la tion [7]

v
v S

S
n

n 1 n 1

n

= - - (7)

where vn [ms–1] is the cool ant ve loc ity in sec tion n, vn–1

[ms–1] – the cool ant ve loc ity in sec tion n – 1, Sn [m
2] –

the open flow area of sec tion n, and Sn – 1 [m
2] – the

open flow area of sec tion n – 1.
The move ment du ra tion through the sec tion is

de fined by the for mula

t
I

v
n

n

n

= (8)

where tn [s] is the move ment du ra tion trough the sec -
tion n, ln [m] – the length of the sec tion n, and vn [ms–1]
– the cool ant ve loc ity in the sec tion n.

Af ter the cool ant ve loc i ties and the cool ant
move ment du ra tion for each sec tion are de ter mined,
the ir ra di a tion time t of the cool ant in the re ac tor core,
the de cay time t`in the con trol points and the cir cu la -
tion cy cle du ra tion t can be cal cu lated.

The pre sented math e mat i cal model was ap plied
in the eval u a tion of the ra di a tion sit u a tion in the pump -
ing sta tion of the pri mary cir cu la tion loop and on the
top of the re ac tor in the de sign for the re con struc tion of 
the re search re ac tor IRT – 2000 and the cal cu la tion re -
sults are pre sented in the SAR of the fa cil ity.
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GENERAL DESCRIPTION OF THE
RECONSTRUCTION DESIGN OF IRT-2000
RESEARCH REACTOR

The re search re ac tor IRT-2000 is the het er o ge -
neous ther mal neu tron wa ter-wa ter pool type re ac tor,
whose char ac ter is tics are re tained in the re con struc -
tion de sign, briefly pre sented in [8].

The dis tilled wa ter is used as a cool ant in or der to 
pro tect the alu mi num parts of the in ter nal de vices from 
cor ro sion and to min i mize the ra dio ac tive con tent in
the pri mary cir cu la tion loop. Ac cord ing to the de sign,
the re ac tor core ves sel (fig. 1) has a parallelepiped
shape and di men sions 676 ´ 640 ´ 950 mm. The base
of the ves sel is a sup port plate with 54 cells with a pitch 
of 71.5 mm for at tach ment of fuel as sem blies or re flec -
tive blocks. The cool ant flows through the re ac tor core 
from top down wards with a flow rate up to 382 m3h–1,
de pend ing on the op er a tion mode. The tem per a ture at
the out let of the re ac tor core will not ex ceed 50 °C.  

The re ac tor is fore seen to op er ate with low en -
riched ura nium (LEU) fuel as sem blies of the IRT-4M
type (fig. 2) with en rich ment 19.7 % 235U [10] and
with ther mal power up to 1000 kW. The fuel as sem bly
(FA) con sists of eight (fig. 3-A) or six (fig. 3-B) con -
cen tri cally ar ranged tu bu lar fuel el e ments with a
square cross-sec tion and rounded cor ners. Ei ther a
con trol rod (CR) or a ver ti cal ex per i men tal chan nel is
po si tioned in the cen tral hole of a six tube FA. There
are 4 eight tube and 12 six tube fuel as sem blies, 23
solid be ryl lium blocks, 2 be ryl lium blocks with a hole
for ver ti cal ex per i men tal chan nels and one be ryl lium
block with the au to matic con trol rod. For better trans -
fer of the neu tron fluxes the de sign pro vides 3 pieces
of alu mi num blocks, each oc cu py ing 4 cells, filled
with wa ter and air cav ity at the level of the hor i zon tal
ex per i men tal chan nels. 

The re ac tor core con fig u ra tion (fig. 4) was de -
vel oped in col lab o ra tion with the sci en tists from the
Rus sian Re search Cen tre (RRC) "Kurchatov In sti -
tute". 

The de sign pro vides the use of in ter nal pool loop 
core cool ing cir cuit, which (fig. 1), com prises of a de -
lay tank de signed to slow down the heat car rier speed
af ter its de par ture from the core, in or der to de crease
the con cen tra tion of the short liv ing iso tope 16N be fore 
the wa ter en ters in the pipes to the pump sta tion of the
pri mary cir cu la tion loop and the ejec tor sys tem. The
de sign pro vides that 37 % of the cool ant flow through
the re ac tor core passes through the pumps, the me -
chan i cal and ion ex change fil ters and the heat
exchangers, where the re ac tor core heat is given away
to the sec ond ary cir cu la tion loop, and then the heat
car rier re turns to the pool through the ejec tor sys tem
noz zle.

Ac cord ing to the tech no log i cal scheme (fig. 5)
the pri mary cir cu la tion loop will be com posed of two
pumps, a fil tra tion sys tem with six fil ters – two me -
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Fig ure 1.
1 – the re ac tor core ves sel, 2 – the slot of the re ac tor core and 
the sup port plate, 3 – the de lay tank, 4 – the ejec tor sys tem
ves sel, 5 – the pipe lines from and to the pump sta tion of the
pri mary cir cu la tion loop

Fig ure 2. Fuel as sem bly type IRT-4M (all val ues are
in mm)



chan i cal in put and out put fil ters and four ion ex change 
fil ters be tween them, and two heat exchangers. Sec -
ond ary the cir cu la tion loop will con sist of two pumps,
two heat exchangers, which are com mon to cir cu la tion 
loops, noz zles and two spray ponds. The cool ant in the
sec ond ary cir cu la tion loop is pro cessed wa ter.

INITIAL CONDITIONS AND
CALCULATION AREAS 

Definition of the initial
conditions for the analysis 

The cal cu la tions are made un der the fol low ing
as sump tions:

– the re ac tor is in op er a tion at power 200 kW,
– the max i mum fuel meat length of the fuel el e ments 

is adopted ac cord ing to the man u fac turer doc u -
men ta tion (B 0019.20.00.000 DKO) – 0.620 m
(fig. 2), 

– the cal cu la tions are made for the max i mum neu tron
flux with the fis sion spec trum 1.391×1013 cm–2s–1,

– a con stant neu tron flux through out the re ac tor core
vol ume is as sumed,

– one of the two pumps and one of the two heat
exchangers on the pri mary cir cu la tion loop are in op -
er a tion and the sec ond pump and the sec ond heat
exchanger are stand ing in re serve, the flow rate G
through the re ac tor core ac cord ing to [9] is

G = 226 m3h–1 = 0.062778 m3s–1
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Fig ure 3. The cross-sec tions of
8-tube (A) and 6-tube (B) IRT-4M
type FA (all val ues are in mm)
1 – fuel el e ments, 2 – the cool ant
chan nel, 3 – the con trol rod, 4 – the
displacer tube

Fig ure 4.  Re ac tor core
con fig u ra tion of IRT- 2000



– in or der to achieve the max i mum con ser va tism of
the as sess ment, a com bi na tion of the tech no log i -
cal equip ment with the short est heat car rier route
from and to the re ac tor pool was cho sen,

– a con stant heat car rier pres sure and tem per a ture
through out the re ac tor core cool ant cir cuit (in ter -
nal and ex ter nal pool cool ing cir cuits) are as -
sumed,

– in or der to achieve the max i mum con ser va tism of
the as sess ment, the heat car rier flow mix ing with
the wa ter in the pool vol ume af ter the grid of the
ejec tor sys tem ves sel is not ac counted for and the
flow tran si tion to a larger cross-sec tion is as sumed,

– to as sess when the bal ance be tween the ac cu mu la -
tion and the de cay of the long-lived iso topes is
achieved, an un in ter rupted op er a tion mode of the
fa cil ity is adopted.

Definition of the calculation areas

In the de sign of the ex am ple fa cil ity a loop of the
heat car rier flow is formed. The wa ter pen e trates from
the pool into the re ac tor core (the ir ra di a tion area),
passes through the de lay tank, and en ters the ejec tor
sys tem. At the en trance into the ejec tor sys tem ves sel
(di vid ing point) the heat car rier flow di vides in two
parts. The first one (37 % of the heat car rier flow) en -
ters into the con duit, passes through the pump sta tion,
heat exchangers, fil ter sys tem and re turns to the ejec -
tor sys tem ves sel through the ejec tor noz zle. The other
part passes through the ejec tor ves sel, sur rounds the
noz zle, goes into the confusor, wherein both parts are
re united and to gether go through the ejec tor sys tem
back into the pool through the grid in the hous ing of
the ejec tor sys tem ves sel. In this way there is a by-pass
of the pump ing sta tion, through which 63 % of the heat 
car rier passes. 

In the so de scribed con tour the fol low ing ma jor
ar eas of the loop are high lighted:
– the first ma jor area – the re ac tor core area (the ir ra -

di a tion and the de cay time area),
– the sec ond ma jor area – the area be tween the re ac -

tor core and the en trance into the ejec tor sys tem
ves sel, where the di vid ing point of the heat car rier
is found (the de cay time area),

– the third ma jor area – the pump ing sta tion area,
wherein 37 % of the heat car rier flow (Part A)
passes through the ex ter nal pool cool ing cir cuit
and re turns through the noz zle, and the by-pass
area, wherein 63 % (Part B) passes through the
sec tion be tween the en trance of the ejec tor sys tem
ves sel and the noz zle, where the re uni fi ca tion
point of the heat car rier is found (the de cay time
area),

– the fourth ma jor area – from the ejec tor noz zle,
wherein both heat car rier streams are re united and
mixed, to the grid of the ejec tor sys tem ves sel (a
de cay time area), and

– the fifth ma jor area – af ter the grid of the ejec tor
sys tem ves sel, wherein the heat car rier flow pen e -
trates into the pool vol ume and reaches the re ac tor
core en trance (a de cay time area).

In some of the de scribed ar eas there are also sub -
ar eas which will be con sid ered at the rel e vant stage.

CAL CU LA TIONS 

The cal cu la tions are car ried out intwo main
stages. In the first main stage, the ir ra di a tion du ra tion of
the heat car rier in the re ac tor core and the de cay times at
the di vid ing point, the re uni fi ca tion point and con trol
points are cal cu lated. In the sec ond main stage, the
num ber of cir cu la tion cy cles needed to reach the equi -
lib rium of the iso topes con cen tra tions, the sep a rate and
sum mary iso topes con cen tra tions in the con trol points,
as well as at the re ac tor core in let, are cal cu lated.

First ma jor area

The first step in de ter min ing the heat car rier ve -
loc ity in the re ac tor core is cal cu lat ing its open flow
area SRC which is the sum of the open flow ar eas of the
el e ments and the hous ing of the re ac tor core. The re -
sults are pre sented in tab. 3.
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Ta ble 3. Geo met ri cal pa ram e ters of the com po nents in
the re ac tor core

Com po nent Pcs. Sn [mm2] SSn [mm2]

Six tubes fuel assembly 12 2492.9530 29915.4

Eight tubes fuel assembly 4 2857.8876 11431.6

In ter nal be ryl lium block 6 351.2500 2107.5

Ex ter nal be ryl lium block 13 351.2500 4566.3

Cor ner be ryl lium block 4 351.2500 1405.0

Be ryl lium block with CR 1 991.8400 991.8

Be ryl lium block with a hole 2 2159.8900 4319.8

Re ac tor core hous ing 1 – –

SRC [mm2] – – 54737.4

Fig ure 5. The tech no log i cal scheme of IRT–2000
1 – the re ac tor core, 2 – the pump sta tion of the pri mary
cir cu la tion loop, 3 – the heat exchangers, 4 – the pump
sta tion of the sec ond ary cir cu la tion loop, 5 – the spray ponds



Ac cord ing to eq. (5) with such a debit, the heat
car rier ve loc ity vRC is

v
G

S
RC

RC

ms= = = -0062778

0054737
1147 1.

.
.

For the length of the fuel meat lfm = 0.620 m ac -
cord ing to eq. (6) the du ra tion of the ir ra di a tion t is

t = = =
l

v
fm

RC

s
0620

1147
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.

.
.

For the tang length of the fuel as sem bly lt = 0.095 m
ac cord ing to eq. (7), the de cay time t1 in the first main area
in the re ac tor core af ter the fuel meat is

t
l

v
t

1
0095

1147
008= = =

RC

s
.

.
.

Sec ond ma jor area

Sup port plate

The sup port plate (fig. 6), as part of the re ac tor
core ves sel, is the bot tom of the vol ume in which the
re ac tor core com po nents are placed (fuel as sem blies,
be ryl lium and alu mi num blocks). Its func tion is to fix
ax i ally the core el e ments dur ing the re ac tor op er a tion
and to pro vide a re li able pas sage of the heat car rier
from the core to the next el e ment of the in ter nal pool
cool ing loop. The sup port plate is rep re sented on fig.
5. Its thick ness is 55 mm and the heat car rier passes
through the evenly dis trib uted holes.The alu mi num
blocks cover 12 sock ets through which the heat car rier
does not pass. These sock ets are taken into ac count
and only the sec tion flow ar eas of 42 slots for el e ments
of the re ac tor core are prac ti cally con sid ered. In the
cen ter of each slot along its axis is a cir cu lar hole with
di am e ter ø 29 mm, 9 of these holes are with sec tion ar -
eas blocked by the I&C sys tem el e ments, which re -
duces the num ber of freeholes to 33.

In the space be tween them 30 oc tag o nal holes that
have more of a square shape with bev els at the cor ners
are placed. The square side is a = 63.5 mm and the bev els
are with isos ce les tri an gle shape with height to the hy pot -

e nuse h = 18.8 mm and hy pot e nuse b = 37.6 mm. At each
cor ner the oc ta gon has a cur va ture with ra dius r = 10 mm. 
On the pe riph ery of the re ac tor core 30 holes with shape
of di vided on the di ag o nal half oc ta gon are lo cated. At
the cor ners 4 holes with shape of quar ter oc ta gon are lo -
cated.

To de ter mine the sec tion flow area of the sup port 
plate, the sum of the sec tions flow ar eas of the holes is
cal cu lated. In de ter min ing the geo met ri cal di men sions 
of the oc ta gon, the bev els are not taken into ac count
be cause their in flu ence to the re sult is neg li gi ble. The
geo met ric pa ram e ters of the sup port plate ac cord ing to 
[9] are pre sented in tab. 4.

Ac cord ing to eq. (7) the heat car rier ve loc ity
through the sup port plate is

v
v S

S
SP

RC RC

SP

ms= =
×

= -1147 0054737

0142237
0441 1. .

.
.

For the height of the sup port plate lRC = 55 mm
ac cord ing to eq. (8) the de cay time in the sup port plate
is

t
l

v
SP

SP

SP

s= = =
0055

0441
0125

.

.
.

De lay tank

The func tion of the de lay tank is ex pressed as a
sharp re duc tion of the speed of the heat car rier move -
ment af ter it ex its from the re ac tor core in or der to pro -
vide the time for the de cay of the short-lived iso -
topes.This is achieved by a sharp and sig nif i cant
in crease in the sec tion flow area of the cool ant chan nel
and the change of its move ment di rec tion.

The de sign and the main di men sions of the de lay
tank ac cord ing to [9] are pre sented on fig. 7. The
height of the de lay tank is 420 mm. At the en trance into 
the de lay tank vol ume the heat car rier abruptly
changes its move ment di rec tion at an an gle of 90° and
en ters into the ex pand ing sub area. Af ter the ex pand ing 
sub area, the heat car rier en ters a sharply nar row ing
sec tion flow area of the throt tling baf fler. 

When con sid er ing the heat car rier move ment
through the de lay tank, the fol low ing sub ar eas are dif -
fer en ti ated:
– the tran si tion of the flow from the sup port plate to

the vol ume of the de lay tank with change of the di -
rec tion and the sec tion flow area,

– the bi lat eral ex pand ing sub area,
– the uni lat er ally ex pand ing sub area, and
– the sub area with a con stant cross-sec tion.
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Fig ure 6. Sup port plate

Ta ble 4. The geo met ric pa ram e ters of the sup port plate

Hole Pcs. Sn [mm2] SSn [mm2]

Æ 29 mm 33 660.19 21786.27

Oc ta gon 30 2618.49 78554.70

½ oc ta gon 30 1309.25 39277.50

¼ oc ta gon 4 654.62 2618.48

SSP – – 142236.95



Chang ing the di rec tion of the heat car rier
move ment and en ter ing the de lay tank

The geo met ric pa ram e ters of the tran si tion into
the de lay tank are width atr and length btr of the re ac tor
core, de ter mined by the num ber of slots through which 
the heat car rier passes ac cord ing to [9]: 
atr = 429.0 mm – the width of the re ac tor core, and
btr = 500.5 mm – the length of the re ac tor core.

Then, the sec tion flow area of the tran si tion Str is

S a btr tr tr mm= = 214715 2

The half of the de lay tank height bdt is the av er -
age path of the heat car rier tran si tion into the tank at
the di rec tion change:
bdt = 420 mm – the height of the de lay tank, and
ltr = 210 mm – the av er age path of the heat car rier tran -
si tion.

Ac cord ing to eq. (7) the heat car rier ve loc ity of
the tran si tion into the de lay tank is

v
v S

S
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SP SP
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×
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0292 1. .

.
.

For the av er age length of the tran si tion ltr = 210 mm
ac cord ing to eq. (8) the tran si tion de cay time is

t
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v
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tr
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s= = =
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.

.
.

Bi lat eral ex pand ing sub area

This sub area is a rect an gu lar dif fuser sec tion
with a sym met ric lin ear ex ten sion in one plane, end ing
with a throt tling baf fler. The length of the sub area
starts from the mid dle of the re ac tor core and ends at
the throt tling baf fler. The geo met ric pa ram e ters of the
sub area are as fol lows:
a = 25° – the an gle of the dif fuser ex pan sion, and
able = 792 mm – the width of the en trance of the dif -
fuser,
bbl = 420 – the height of the dif fuser,
lbl = 794 mm – the length of the dif fuser sub area,
ablo = able + 2l tan (a/2) = 1143 mm – the width at the
dif fuser out let, and

lblp = 579 mm – the length of the heat car rier av er age
path in the bi lat eral ex pand ing sub area.

Then the sec tion flow area of the dif fuser en -
trance Sble is

Sble = ablebbl = 332640 mm2

Ac cord ing to eq. (7) the heat car rier ve loc ity at
the dif fuser en trance is

v
v S

S
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tr tr
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ms= =
×

= -0292 0214715
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0188 1. .

.
.

The sec tion flow area of the dif fuser out let Sblo  is

Sblo = ablobbl = 480060 mm2

Ac cord ing to eq. (7) the heat car rier ve loc ity at
the dif fuser out let is

v
v S

S
blo

ble ble
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ms= =
×

= -0188 0332640

0480060
0130 1. .

.
.

Since the dif fuser ex pan sion is lin ear, the change 
of the heat car rier ve loc ity also has a lin ear de pend -
ence. Then, the av er age ve loc ity in the sub area is

v v v
bl

ble blo ms=
+

= -

2
0159 1.

The de cay time tbl in the sub area with av er age
ve loc ity v bl ms= -0159 1.  and length of the heat car rier 
av er age path lblp = 543 mm ac cord ing to eq. (8) is

t
l

v
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Uni lat er ally ex pand ing sub area

This sub area is also a dif fuser with a rect an gu lar
cross-sec tion, but with a uni lat eral ex ten sion in one
plane. The geo met ric pa ram e ters of the sub area are as
fol lows:
a = 12.50 – the an gle of the dif fuser ex pan sion,
aule = 1143 mm – the width of the en trance of the dif -
fuser,
bul = 420 – the height of the dif fuser,
lul = 1443 mm – the length of the dif fuser sub area, and
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Fig ure 7. The design and
main di men sions of the
de lay tank (all val ues are in 
mm)



aulo = aule + l tan (a/2) = 1463 mm – the width at the dif -
fuser out let.

The sec tion flow area of the dif fuser en trance
Sule is

Sule = Sblo = 480060 mm2

The heat car rier ve loc ity at the dif fuser en trance
is

v vule blo ms= = -0130 1.

The sec tion flow area of the dif fuser out let Sulo  is

Sulo = aulobul = 614460 mm2

Ac cord ing to eq. (7) the heat car rier ve loc ity at
the dif fuser out let is

v
v S

S
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0102 1. .
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Since the dif fuser ex pan sion is lin ear, the change 
of the heat car rier ve loc ity also has a lin ear de pend -
ence. Then, the av er age ve loc ity in the sub area is

v
v v

ul
ule ulo ms=

+
= -

2
0116 1.

The de cay time tul in the sub area with av er age
ve loc ity v bl ms= -0116 1. and the length of the dif fuser
sub area lul = 1443 mm ac cord ing to eq. (8) is

t
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Sub area with a con stant cross-sec tion

The sub area with a con stant sec tion fol lows af ter 
the dif fuser with rect an gu lar cross-sec tion and uni lat -
eral ex ten sion in one plane. The geo met ric pa ram e ters
of the sub area are as fol lows:
accs = 1463 mm – the width of the sub area with a con -
stant sec tion,
bccs = 420 mm – the height of the sub area with a con -
stant sec tion, and
lccs = 715 mm – the length of the sub area with a con -
stant sec tion.

Then
vccs = vulo = 0.102 ms–1

The de cay time tccs in the sub area with ve loc ity
vccs = 0.102 ms–1 and the length of the con stant sec tion
sub area lccs = 715 mm ac cord ing to eq. (8) is

t
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v
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Here, the heat car rier is a di vid ing point. From
here on, both parts of the heat car rier have dif fer ent de -
cay time un til they reach the uni fi ca tion point. The de -
cay time at the heat car rier di vid ing point on the sec ond 
main area t2 is

t t t t t t t2 24 016= + + + + + =t SP tr bl ul ccs s.

Third ma jor area – Part A

From the de lay tank, 37 % of the heat car rier
debit is sucked by the pump of the pri mary cir cu la tion
loop, passes through the heat exchangers and the fil ter
sys tem, and then through a pipe line and the ejec tor
noz zle re turns into the in ter nal pool cool ing loop. 

The flow rate G' through the pump of the pri -
mary cir cu la tion loop ac cord ing to [9] is

¢ = = × =

= =

G G37 037 226

8362 0023228

% .

. .m h m s–3 –1 –3 –1

The geo met ric pa ram e ters of the ex ter nal pool
cool ing cir cuit ac cord ing to [9] and the cal cu la tion re -
sults ac cord ing to eq. (5), eq. (7), and eq. (8) are pre -
sented in tab. 5.

The de cay time in the heat car rier re uni fi ca tion
point in the third main area part A t A

3  is

t sA
3 55047= .

The pipes 02-06 and heat exchangers are sit u -
ated in the pre mises of the pri mary cir cu la tion loop
pump sta tion, where the first con trol point is also lo -
cated. The ra dio ac tiv ity of the heat car rier pass ing
through the equip ment ex erts in flu ence on the ra di a -
tion sit u a tion in the pre mises. At the in let of pipe 2 the
first con trol point A is sit u ated, at the out let of pipe 6
the first con trol point B is sit u ated.

The sum mary length of the ra di a tion source is
29.739 m and its vol ume is 0.429 m3. The av er age di -
am e ter of the con ven tional lin ear source is 0.136 m. 
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Ta ble 5. Geo met ric pa ram e ters of the ex ter nal pool cool ing cir cuit and cal cu la tion re sults

Equip ment Di am e ter [m] Sec tion [m2] Ve loc ity [ms–1] Length [m] Pass ing time [s]

Suck ing pipe line 0.203 0.032349 0.718 6.470 9.011

Pipe 01 0.159 0.019846 1.170 14.700 12.564

Pipe 02 0.159 0.019846 1.170 3.940 3.368

Pipe 03 0.089 0.006218 3.734 2.775 0.743

Pipe 04 0.108 0.009156 2.536 6.150 2.425

Heat exchanger 32 ´ 0.020 0.010048 2.311 2.821 1.221

Pipe 05 0.108 0.009156 2.536 2.793 1.101

Pipe 06 0.159 0.019846 1.170 11.260 9.624

Pipe 07 0.159 0.019846 1.170 11.110 9.487

Pres sure pipe 0.146 0.016733 1.388 7.638 5.503

Sum mary de cay time – – – – 55.047



Third ma jor area – Part B

From the de lay tank 63 % of the heat car rier debit 
is sucked by the ejec tor sys tem into the ejec tor sys tem
ves sel, passes through the open flow cross-sec tion at
the ejec tor sys tem en trance be tween the in ter nal sur -
face of the ejec tor sys tem suck ing pipe and ex ter nal
sur face of the ejec tor noz zle pres sure pipe and sur -
rounds the noz zle. The ejec tor sys tem plan is rep re -
sented on fig. 7.

The flow rate G.'' through the open flow
cross-sec tion at the ejec tor sys tem en trance ac cord ing
to [9] is ¢¢ = = × =

= =- -

G G63 063 226

14238 0039550

% .

. .m h m s3 1 3 1

The in ter nal di am e ter of the ejec tor sys tem suck -
ing pipe is DSP = Æ 381.4 mm, the ex ter nal di am e ter of
the ejec tor noz zle pres sure pipe is DNPP = Æ 229.0 mm, 
and the length of the ejec tor sys tem en trance is lese =
=.270 mm.

Then the open flow area of the ejec tor sys tem en -
trance Sese is

S
D D D DSP NPP SP NPP

ese = - = =

=
×

p p p( - )2 2 2 2

4 4 4
314 0145466. ( . - 0052441

4

. )

Sese = 0.073062 m2

Ac cord ing to eq. (5) with such a debit the heat
car rier ve loc ity vese is

v
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The de cay time tese in the sub area with ve loc ity
vese = 0.541 ms–1 and the length of the ejec tor sys tem
en trance lese = 270 mm ac cord ing to eq. (8) is
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The de cay time at the heat car rier re uni fi ca tion
point in the third main area part B t B

3 is

t B
3 0499= . s

Fourth ma jor area

At the ejec tor noz zle both heat car rier streams
are re united and mixed. Be fore reach ing the grid of the 
ejec tor sys tem ves sel, the heat car rier passes through
the ejec tor (fig. 8), changes its move ment di rec tion at
the an gle of 180°, and at the grid again changes its
move ment di rec tion at the an gle of 90° and passes
through the grid (a de cay time area).

The above de scribed heat car rier path through
the ejec tor sys tem is di vided into the fol low ing sub ar -
eas:
– the first sub area: a confusor sec tion, a sec tion with 

a con stant di am e ter and a dif fuser sec tion, 

– the sec ond sub area where the move ment di rec tion
re verses within the hous ing of the ejec tor sys tem,
and

– the third sub area in which the grid mid-height of
the ejec tor sys tem ves sel is reached and the heat
car rier ex its lat er ally from the ves sel of the ejec tor
sys tem through the ves sel grid.

First sub area: a confusor sec tion,
a sec tion with a con stant di am e ter
and a dif fuser sec tion

From the de lay tank and the pump sta tion of the
pri mary ex ter nal cool ing cir cuit both parts of the heat
car rier are re united at the confusor en trance. The heat
car rier stream passes through the open flow cross-sec -
tion at the confusor en trance (fig. 9). The in ter nal di -
am e ter of the confusor en trance is Dce = Æ 381.4  mm.
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Fig ure 8. Ejec tor sys tem (all val ues are in mm)

Fig ure  9. Confusor-dif fuser ar eas



Then, the open flow area of the confusor en -
trance Sce is

S
Dce

ce m= =
×

=
p 2

2

4
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4
0114249

. .
.

At the confusor en trance, the heat car rier debit is
equal to the debit at the di vid ing point and ac cord ing to 
eq. (5) the heat car rier ve loc ity at the confusor en -
trance vce is
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The in ter nal di am e ter of the confusor out let is
Dco = Æ181.1 mm. The open flow area of the confusor
out let Sco is

S
Dco

co m= =
p 2

2

4
0025759.

Ac cord ing to eq. (7) the heat car rier ve loc ity at
the confusor out let is
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Since the confusor ex pan sion is lin ear, the
change of the heat car rier ve loc ity also has a lin ear de -
pend ence. Then, the av er age ve loc ity in the confusor
sec tion is
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2
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The de cay time tc in the confusor sec tion with ve -
loc ity vc ms= -1492 1. and length of the ejec tor sys tem
confusor lc = 232 mm ac cord ing to eq. (8) is
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The in ter nal di am e ter of the sec tion with a con -
stant di am e ter is equal to the confusor out let di am e ter
Dcd  = Dco = Æ181.1 mm. In this case

S Scd co m= = 0025759 2.
and

v vcd co ms= = -2435 1.

The de cay time tcd in the sec tion with a con stant
di am e ter with the ve loc ity vcd = 1.492 ms–1 and the
length lcd = 1360 mm ac cord ing to eq. (8) is
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The in ter nal di am e ter of the dif fuser en trance is
equal to the di am e ter of the sec tion with a con stant di -
am e ter Dde = Dcd = Æ181.1 mm. In this case

S Sde cd m= = 0025759 2.

and
v vde cd ms= = -2435 1.

The  in ter nal  di am e ter of the dif fuser out let is
Ddo = Æ380.0 mm. The open flow area of the diffusor
out let Sdo is

S
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do m= =
p 2

2

4
00113411.

Ac cord ing to eq. (7) the heat car rier ve loc ity at
the dif fuser out let is
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Since the dif fuser ex pan sion is lin ear, the change 
of the heat car rier ve loc ity also has a lin ear de pend -
ence. Then, the av er age ve loc ity in the diffusor sec tion 
is
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The de cay time td in the dif fuser sec tion with ve -
loc ity vd ms= -1494 1. and the length of the ejec tor sys -
tem dif fuser ld = 1420 mm ac cord ing to eq. (8) is
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The de cay time in the first sub area which con -
sists of the confusor sec tion, the sec tion with a con -
stant di am e ter and the dif fuser sec tion is

t t t t4
1 1666= + + =c cd d s.

Sub area where the move ment
di rec tion re verses within the hous ing
of the ejec tor sys tem

In this sub area the heat car rier ex its from the dif -
fuser, pen e trates into the vol ume of the ejec tor sys tem
hous ing and re verses its move ment di rec tion at the an -
gle of 180°. The pa ram e ters of the area are as fol lows
(fig. 10):
Ddo = Æ380.0 mm – the in ter nal di am e ter of the dif -
fuser out let,
Desh = Æ1006.0 mm – the in ter nal di am e ter of the ejec -
tor sys tem hous ing,
h = 901.0 mm – the dis tance be tween the dif fuser out -
let and the wall of the ejec tor sys tem hous ing,
lesh = 2 h = 1802.0 mm – the length of the heat car rier
path,
vdo = 0.553 ms–1 – the heat car rier ve loc ity at the dif -
fuser out let, and
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Fig ure 10. Dif fuser out let and ejec tor sys tem hous ing



Sdo = 0.113411 m2 – the open flow area of the dif fuser
out let.

The open flow area of the ejec tor sys tem hous ing 
Sesh is

S
Desh

esh m= =
p 2

2

4
0794851.

Ac cord ing to eq. (7) the heat car rier ve loc ity at
the dif fuser out let is

v
v S

S
esh

do do

esh

ms= =
×

= -0553 0113411

0794851
0079 1. .

.
.

The de cay time tesh in the ejec tor sys tem hous ing
sec tion with the ve loc ity vesh = 0.079 ms–1 and the
length of the heat car rier path lesh = 1802.0 mm ac cord -
ing to eq. (8) is

t
l

v
esh

esh

esh

s= = =
1802

0079
22810

.

.
.

The de cay time in the sec ond sub area where the
move ment di rec tion re verses within the hous ing of the 
ejec tor sys tem is

t 4
2 22810= . s

Sub area in which the grid mid-height
of the ejec tor sys tem ves sel is reached
and the heat car rier ex its lat er ally from
the ves sel of the ejec tor sys tem through the
ves sel grid

In this sub area the heat car rier passes through the 
open flow cross sec tion be tween the in ter nal sur face of 
the ejec tor sys tem hous ing and the ex ter nal sur face of
the ejec tor dif fuser. From the ejec tor dif fuser out let to
the en trance level of the ejec tor the dif fuser (the grid
mid-height) ex its lat er ally from the ves sel of the ejec -
tor sys tem at an an gle of 90º through the ves sel grid. 

When con sid er ing this sub area of the in ter nal

pool cir cu la tion loop (fig. 11), there are two dis tinct

sec tions:
– the heat car rier move ment in the hous ing of the

ejec tor sys tem to the en trance level of the ejec tor
diffuserm, and

– the lat eral exit from the ves sel of the ejec tor sys -
tem at an an gle of 90° through the ves sel grid.

The geo met ri cal pa ram e ters of the first sec tion
are as fol lows:
Ddo = Æ390.0 mm – the ex ter nal di am e ter of the dif -
fuser out let,
Dde = Æ191.1 mm – the ex ter nal di am e ter of the dif -
fuser en trance,
Desh = Æ1006.0 mm – the in ter nal di am e ter of the ejec -
tor sys tem hous ing, and
ld = Æ1420.0 mm – the length of the ejec tor sys tem dif -
fuser.

The open flow area be tween the in ter nal sur face

of the ejec tor sys tem hous ing and the ex ter nal sur face

of the ejec tor dif fuser out let S1 is

S
D D D Desh do esh do

1

2 2 2 2

314 1012036 0

= - =
-

=

=
× -

p

4

p

4

p

4

( )

. ( . . )

.

152100

4
06753921

2S = m

The open flow area be tween the in ter nal sur face
of the ejec tor sys tem hous ing and the ex ter nal sur face
of the ejec tor dif fuser en trance S2 is

S
D D D Desh de esh de

2

2 2 2 2

314 1012036 0

= - =
-

=

=
× -

p

4

p

4

p

4

( )

. ( . . )

.

036519

4
07661692

2S = m

Ac cord ing to eq. (5) the heat car rier ve loc ity in
the ejec tor sys tem hous ing at the out let level of the
ejec tor dif fuser v1 is

v
G

S
1

1

10062778

0675392
0093= = = -.

.
. ms

Ac cord ing to eq. (7) the heat car rier ve loc ity at
the out let level of the ejec tor dif fuser v2 is

v
v S

S
2

1 1

2

10093 0675392

0766169
0082= =

×
= -. .

.
. ms

Since the open flow area ex pan sion is lin ear, the
change of the heat car rier ve loc ity also has a lin ear de -
pend ence. Then, the av er age ve loc ity in the first sec -
tion is

v v v
sf ms=

+
= -1 2 1

2
0088.

The de cay time tfs in the first sec tion with the ve -
loc ity v fs ms= -0088 1. and the length of the ejec tor
sys tem dif fuser ld = 1420 mm ac cord ing to eq. (8) is
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Fig ure 11. Grid of the ejec tor sys tem ves sel
(all val ues are in mm) 



t
l
vfs

d

fs
s= = =

1420

0088
16136

.

.
.

The geo met ri cal pa ram e ters of the sec ond sec -
tion (fig. 10) are as fol lows:
dg = Æ30.0 mm – the di am e ter of the grid holes,
lg = 8.0 mm – the wall thick ness of the ejec tor sys tem
ves sel,
Ngh = 870 – the num ber of the grid holes, and
lss = lg + Desh/2 – the length of the av er age heat car rier
path in the sec ond sec tion.

The open flow area of the grid holes of the ejec -
tor sys tem hous ing SSgh is

S N
dg

Sgh gh ms= =
×

= -
p 2 2

1

4
870

314 003

4
0614967

. .
.

Ac cord ing to eq. (5), the heat car rier ve loc ity in
the sec ond sec tion is equal to the heat car rier ve loc ity
in the grid holes of the ejec tor sys tem hous ing vgh

v v
G

S
ss gh

gh

ms= = = = -

S

0062778

0614967
0102 1.

.
.

The av er age heat car rier path in the sec ond sec -
tion is

l l
D

ss g
esh mm= + = + =
2

8
10060

2
511

.

The de cay time tss in sec ond sec tion with the ve -
loc ity vss = 0.102 ms–1 and the length of the av er age
heat car rier path lss = 511 mm ac cord ing to eq. (8) is

t
l

vss
ss

ss

s= = =
0511

0102
5010

.

.
.

The de cay time in the third sub area in which the
grid mid-height of the ejec tor sys tem ves sel is reached
and the heat car rier ex its lat er ally from the ves sel of the 
ejec tor sys tem through the ves sel grid is

t t t4
3 21146= + =fs ss s.

The de cay time in the fourth main area t4 is

t t t t4 4
1

4
2

4
3 45146= + + = . s

Fifth ma jor area

From the grid of the ejec tor sys tem ves sel the
heat car rier flow pen e trates into the pool vol ume,
wherein the flow is mixed with the wa ter in the pool
(the de cay time area). Based on the pre lim i nary as -
sump tions the heat car rier flow pen e trates into the pool 
vol ume, wherein the flow tra verses to a larger
cross-sec tion, moves hor i zon tally to the point sit u ated

above the re ac tor core cen ter, de scends ver ti cally to
the en trance of the re ac tor core and pen e trates into it.  

The grid height hpv and the pool width bpv are as -
sumed as the di men sions of the larger cross-sec tion 

hpv 2065  mm=

bpv 1  mm= 800

The length of the heat car rier path through the
pool vol ume to the re ac tor core in let is the sum of hor i -
zon tal lhpv and ver ti cal lvpv parts

lhpv 2605  mm=

lvpv 2664  mm=

lpv  mm= + =2605 664 3269

The open flow area of the larger cross-sec tion in
the pool vol ume Spv is

S h bpv pv pv m= = × =2065 1800 3717 2. . .

Ac cord ing to eq. (7) the heat car rier ve loc ity
through the pool vol ume vpv is

v
v S

S
pv

gh gh

pv

ms= =
×

= -S 0102 0614967

3717
0017 1. .

.
.

The de cay time thpv in the pool vol ume at the con -
trol point 2-B with the ve loc ity vpv = 0.017 ms–1 and
the length of the heat car rier path through the pool vol -
ume lhpv = 2605 mm ac cord ing to eq. (8) is

t
l

vhpv
hpv

pv

s= = =
2605

0017
153235

.

.
.

The de cay time tpv in the pool vol ume with the
ve loc ity vpv = 0.017 ms–1 and the length of the heat car -
rier path through the pool vol ume lpv = 3269 mm ac -
cord ing to eq. (8) is

t
l

vpv
pv

pv

s= = =
3269

0017
192294

.

.
.

In the sec ond con trol point a ra di a tion source
with the vol ume of 9.6828 m3 is sit u ated.

CAL CU LA TION RE SULTS 

The sum mary cal cu la tion re sults of the ir ra di a -
tion du ra tion (ID) and the de cay time (DT) in the di -
vid ing point (DP), the con trol points (CP), at the re ac -
tor core in let (RCI) and the cy cle du ra tion (CD) are
pre sented in tab. 6. 
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Ta ble 6. The sum mary re sults of the ir ra di a tion du ra tion and the de cay time cal cu la tions

Flow rate
[%] ID [s] De cay time

in DP [s]
De cay time

in CP 1-A [s]
De cay time

in CP 1-B [s]
De cay time

in CP 2-A [s]
De cay time

in CP 2-B [s]
De cay time
at RCI [s] CD [s]

100 0.540 24.096 – – – – – –

37 – – 45.671 64.153 124.289 277.524 316.583 317.123

63 – – – – 69.741 222.976 262.035 262.575



Based on the pre lim i nary as sump tions about the
heat car rier pres sure and the tem per a ture in all of the
ma jor ar eas, the prop er ties of the heat car rier are equal.

The av er age tem per a ture and pres sure of the
heat car rier in the re ac tor core are

TRC
0 4726= °. C

P
RC

MPa= 01499.

At this tem per a ture and pres sure the heat car rier
den sity ac cord ing to [12] is

g = =- -9892515 098925153 3. .kgm gcm

At such heat car rier prop er ties the nu clear den -
sity, the mac ro scopic cross-sec tion of the ac ti va tion
and the in te gral of the ac ti va tion of the ob served iso -
topes pre de ces sors are pre sented in tab. 7.

The cal cu la tion re sults of the cir cu la tion cy cle
num bers (CCN) af ter which the con cen tra tion equi lib -
rium is ob served for ev ery iso tope and for ev ery
branch of the heat car rier are pre sented in tab. 8. 

The cal cu la tion re sults of the sep a rate and the
sum mary iso tope spe cific ac tiv ity in the con trol points
and at the re ac tor core in let af ter the con cen tra tion
equi lib rium is achieved are pre sented in tab. 9.

The geo met ri cal shape and di men sions (GSD) of
the tech no log i cal ra di a tion sources, the av er age spe cific
ac tiv ity (ASA) of the neu tron and the gamma-par ti cle ra -
di a tion source, the par ti cles type and en ergy (PTE) in the
con trol points are pre sented in tab. 10. 

Based on the cal cu la tion re sults, the in flu ence of
the tech no log i cal ra di a tion sources on the ra di a tion
sit u a tion in the con trol points could be as sessed.

DIS CUS SIONS

It is known that af ter the ten half-life pe ri ods, ap -
prox i mately 0.1 % of the ini tial amount of the ra dio ac -
tive nu clei re mains. If this value is con sid ered to be
neg li gi ble on the ba sis of the pre sented data in tab. 2
and tab. 6, it could be ex pected that the con cen tra tion
of the iso topes 16N and 17N is zero at the be gin ning of
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Ta ble 8. The cal cu la tion re sults of the cir cu la tion cy cle num bers af ter which the con cen tra tion equi lib rium
is ob served for ev ery iso tope and for ev ery branch of the heat car rier

Flow rate [%] Iso tope CP 1-A, CCN CP 1-B, CCN CP 2-A, CCN CP 2-B, CCN RCI, CCN

37 16N 1 1 1 1 1

37 17N 1 1 1 1 1

37 18F 302 431 182 168 154

37 19O 2 2 2 2 2

63 16N – – 1 1 1

63 17N – – 1 1 1

63 18F – – 219 256 232

Ta ble 7. The nu clear den sity, the mac ro scopic cross-sec tion of ac ti va tion, and the in te gral of
ac ti va tion of the ob served iso topes pre de ces sors

Nu clide
pre de ces sor

Nu clear den sity
[10–24 cm–3]

Re ac tion of the
ac ti va tion

Mac ro scopic cross-sec tion of the
re ac tion [106 cm–1]

In te gral of the ac ti va tion
[10–7 cm–3s–1]

16O 0.032989 16O (n , p) 16N 0.626791 0.871866
17O 0.000013 17O (n , p) 17N 0.000069 0.000096
18O 0.000066 18O (n , p) 18F 0.000528 0.000734
18O 0.000066 18O (n , g) 19O 0.000106 0.000147

Ta ble 9. The cal cu la tion re sults of the sep a rate and the sum mary ac tiv ity of the iso topes in
the con trol points and at the re ac tor core in let

Flow rate [%] Iso tope CP 1-A [Bqcm–3] CP 1-B [Bqcm–3] CP 2-A [Bqcm–3] CP 2-B [Bqcm–3] RCI [Bqcm–3]

37 16N 5263.9400 873.2989 2.5278 0.0000 0.0000

37 17N 0.0397 0.0018 0.0000 0.0000 0.000

37 18F 12.6470 12.6225 0.0171 0.0168 0.0167

37 19O 6.2639 3.8917 0.8271 0.0159 0.0058

63 16N – – 507.3254 0.0002 0.0000

63 17N – – 0.0007 0.0000 0.0000

63 18F – – 0.0205 0.0205 0.0203

63 19O – – 3.3730 0.0652 0.0238

100 16N 5263.9400 873.2989 320.5503 0.0002 0.0000

100 17N 0.0397 0.0018 0.0007 0.0000 0.0000

100 18F 12.6470 12.6225 0.0192 0.0191 0.0190

100 19O 6.2639 3.8917 2.4310 0.0470 0.0171



each heat car rier cir cu la tion cy cle, as ev i denced by the
cal cu la tions.

Ac cord ing to the eval u a tion re sults, the con cen -
tra tion equi lib rium of the ox y gen iso tope 19O oc curs in 
all con trol points in the cir cu la tion cy cle num ber k = 2.

Due to the sig nif i cantly lon ger half-life pe riod of 
the flu o rine iso tope 18F than the du ra tion of the cir cu -
la tion cy cle, its con cen tra tion in the con trol points in -
creases un til a bal ance be tween the ac cu mu la tion and
the de cay is achieved. The num ber of nec es sary cy cles
for oc cur rence of this equi lib rium is dif fer ent for ev ery 
con trol point and heat car rier branch. The max i mum
cir cu la tion cy cle num ber k = 431 for a cy cle du ra tion
of ap prox i mately 317 sec onds means about 38 hours
of un in ter rupted op er a tion of the fa cil ity. Most re -
search re ac tors, es pe cially those with a rated power of
2 MW or less, are op er ated in a cy clic mode. This
means the op er a tion of about 8 hours and stay ing about 
16 hours per day dur ing the five work ing days of the
week and stay ing through the week end. For a de tailed
anal y sis, the op er a tion mode should be taken into ac -
count.

CON CLU SIONS 

Due to the de lay tank pres ence in the de sign, the
heat car rier ve loc ity slows down sharply af ter the re ac -
tor core. This pro vides a heat car rier run du ra tion in
CP-1A of more than six half-life pe ri ods of the iso tope
16N, whose pre de ces sor 16O has the high est con tent
(99.7 %) in the heat car rier and more than ten half-life
pe ri ods of the iso tope17N, which ra di ates neu trons in
the de cay pro cess. This sig nif i cantly re duces the ac tiv -
ity of the tech no log i cal ra di a tion sources in the pump -
ing sta tion of the pri mary cir cu la tion loop.
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Ta ble 10. The cal cu la tion re sults of the prop er ties of the
tech no log i cal ra di a tion sources in the con trol points

GSD [m] Iso tope ASA [Bqcm–3] PTE [MeV]

CP-1, tu bu lar lin ear
source,

Æ0.136×29.739

16N 3068.6195 g, 6.13
17N 0.0208 n, 1.60
18F 12.6348 g, 1.40
19O 5.0778 g, 1.20

CP-2, parallelepiped
vol ume source,

1.800  ´ 2.065 ´ 2.605

16N 160.2753 g, 6.13
17N 0.0004 n, 1.60
18F 0.0192 g, 1.40
19O 1.2390 g, 1.20
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Stojan H. KADALEV

PROCENA  TEHNOLO[KIH  RADIOAKTIVNIH  IZVORA  U  PUMPNOJ
STANICI  PRIMARNE  CIRKULACIONE  PETQE  I  NA  VRHU

ISTRA@IVA^KOG  REAKTORA  BAZENSKOG  TIPA

U ovom radu razmatra se procena tehnolo{kih radioaktivnih izvora u primarnoj
voda-voda cirkulacionoj petqi reaktora. U principu, ovakva procena je multidisciplinarni
zadatak koji uzima u obzir ne samo ozra~ivawe jezgra, formirawe novih izotopa i wihov raspad
ukoliko su nestabilni, ve} i prora~une u oblasti hidraulike radi procene vremena ozra~ivawa i
vremena raspada. Prikazan je kako op{ti tako i detaqniji pregled nastanka radioaktivnih izvora u
nuklernim postrojewima i istra`iva~kim reaktorima bazenskog tipa sa demineralizovanom vodom
kao toplotnim nosiocem. Po~etni izotopski sastav toplotnog nosioca usvojen je prema Be~kom
standardu prose~ne okeanske vode predlo`enom od Me|unarodne agencije za atomsku energiju.
Detaqno je opisan op{ti matemati~ki model procesa ozra~ivawa jezgra, nastanka novih izotopa i
wihovog raspada, data je ocena vremena ozra~ivawa i vremena raspada, ~ime je omogu}eno ponavqawe
ove procene u odre|enom postrojewu. Prikazana metoda primewena je u projektu rekonstrukcije
nuklearnog istra`iva~kog reaktora IRT-2000 u Sofiji, Bugarska.

Kqu~ne re~i: indukovano zra~ewe, aktivacija toplotnog nosioca,
                         tehnolo{ki radioaktivni izvor


