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Prior to core re load ing, planned power up grad ing, or as a part of re quired anal y ses of
past events, ac cu rate safety eval u a tions should be car ried out. Gen er ally speak ing, the
con tent of a safety re port has to be mod i fied when ever a new type or de sign of fuel is to
be used in a re ac tor core. As the ex ist ing plants have well es tab lished li cens ing pro ce -
dures, in clud ing well founded anal y sis meth ods, the ap pli ca tion of new anal y sis meth -
ods has to be thor oughly eval u ated, with spe cific em pha sis on their ca pa bil ity of pro -
duc ing re sults ben e fi cial to re ac tor op er a tion. The de tailed study pre sented here was
car ried out so as to in sure that the al lowed op er a tional safety lim its of the NUR re -
search re ac tor are not ex ceeded un der any cir cum stances.
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IN TRO DUC TION

The ca pac ity of a re search re ac tor for uti li za -
tion in terms of ra dio iso tope pro duc tion, ma te ri als
test ing, neu tron trans mu ta tion and neu tron dif frac -
tion is di rectly re lated to the mag ni tude of the neu -
tron flux and to the na ture of the neu tron spec tra
pres ent at the ir ra di a tion sites. Hence, the op ti mi za -
tion of neu tron fluxes and spec tra in ex per i men tal
chan nels is of great con cern in re search re ac tor uti li -
za tion. A gen eral safety anal y sis ap proach used at
the NUR re search re ac tor prior to neu tron flux op -
ti mi za tion in ir ra di a tion chan nels is pre sented in
this pa per. The ap proach is, es sen tially, based upon a 
ju di cious op ti mi za tion of core con fig u ra tion, com -
bined with the im prove ment of re flec tor char ac ter -
is tics. In or der to al low the im ple men ta tion of a new 
core con fig u ra tion into the op er a tion scheme of the

re ac tor, a dem on stra tion that such a con fig u ra tion is 
safe and in con for mity with the safety stan dards in
ap pli ca tion at the NUR re ac tor [1], as well as the
IAEA stan dard safety guide rec om men da tion [2], is
re quired. A stan dard ized safety anal y ses for re search 
re ac tors was pro posed by the IAEA [3] con cern ing
core con ver sion from the use of highly en riched ura -
nium fuel to the use of low-en riched ura nium fuel.
Within this frame work, a de tailed study, in clud ing
static and dy namic cal cu la tions us ing ad vanced
com pu ta tional tools, has been car ried out.

DE SCRIP TION OF CORE
CON FIG U RA TIONS 

The re search nu clear re ac tor con sid ered herein
is a 1 MWt, open pool, MTR-LEU fuel type re ac tor.
The re ac tor core is sur rounded by graph ite re flec tor
blocks and wa ter. The lat ter serves as a cool ant, mod -
er a tor and re flec tor. The re ac tor is equipped with sev -
eral hor i zon tal and ver ti cal ir ra di a tion chan nels. The
re ac tiv ity con trol sys tem of the re ac tor is made of five 
ab sorb ing rods in Ag-In-Cd: four con trol and safety
rods (CR1, CR2, CR3, and CR4) and one fine reg u -
lat ing rod (F). The re ac tor was first brought to crit i -
cal ity on March 23, 1989. Fig ure 1 shows the old
con fig u ra tion (Con fig u ra tion IV-N), while fig. 2
shows the newly pro posed con fig u ra tion (Con fig u -
ra tion X-1) for the NUR re ac tor core. In com par i son
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with the old con fig u ra tion, the new op ti mized one is
char ac ter ized by:

- the pres ence of a cen tral neu tron trap (po si tion 
E-7) with an ac tive vol ume of 7 ´ 8 ´ 60 cm,

- the trans fer of the fuel el e ment, ini tially at po -
si tion E-7, to po si tion G-9,

- the adjunction of a new (fresh) fuel el e ment at 
po si tion G-6, and

- the in crease in the num ber of graph ite re flec -
tor blocks from 8 to 15 el e ments.

PROB LEM MOD EL LING

Ax ial tem per a ture dis tri bu tions and max i mum
al low able heat fluxes were de ter mined in two types
of chan nels (av er age and hot), us ing the TERMIC
code [4]. TERMIC is a pro gram that can per form
ther mal-hy drau lic cal cu la tions of nu clear re ac tor
cores in pres sure and tem per a ture ranges typ i cal of
MTR re ac tors and has been used in the ther mal hy -
drau lic de sign of Ar gen tin ean re ac tors. On the other

hand, re ac tiv ity in ser tion and loss of flow tran sients’
com pu ta tions were es sen tially per formed by us ing
the PARET code [5]. Ther mal-hy drau lic sim u la tions
per formed by the PARET code are based on a
one-di men sional ther mal-hy drau lic model cou pled
with the point re ac tor ki netic model. In line with the
core model as sumed by PARET, the core is sub di -
vided over its ra dial sec tion into num bered re gions,
where each one rep re sents a sin gle cool ant chan nel
and an as so ci ated fuel plate. For pur poses of re ac tiv -
ity feed back cal cu la tions, pro vi sions for weigh ing
these re gions were made, as well.

The core was mod elled into two re gions, i. e.
as sum ing two par al lel cool ing chan nels and their as -
so ci ated fuel plates. The first chan nel rep re sents the
hot test chan nel in the core, the sec ond one the re -
main der of the core it self. Pre vi ous sim u la tion re -
sults con firmed that such mod el ling is suf fi cient for
a good pre dic tion of core re sponse [3]. As for the ax -
ial di rec tion, the two re gions were sub di vided into
twenty sec tions. Hot chan nel fac tors were de ter -
mined by neu tron cal cu la tions us ing   WIMS and
CITVAP codes [6]. For feed back cal cu la tions, as
out lined in tab. 1, uni form ra dial and ax ial weigh ing 
fac tors were as sumed. Once the PARET in put set -
tled, an as sess ment of the code’s re sponse to steady
state con di tion was car ried out by con front ing the
cal cu lated pa ram e ters with the mea sured ex per i -
men tal data. The ob jec tive is to show that the de vel -
oped NUR core model pro vides ac cept able re sults
at a steady state level and can there fore of fer a valid
ap proach to tran sient anal y sis. For this pur pose, the
value of DT=Tout – Tin, where Tout is the core out let
tem per a ture and Tin is the core in let tem per a ture
ob tained by the PARET code (5 °C), is com pared to 
the mea sured tem per a ture (3.9 °C). The re sult
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Fig ure 1. Core con fig u ra tion IV-N (NC =16)

Fig ure 2. Core con fig u ra tion X-1 (NC = 17)

Ta ble 1. Core ki netic data

Parameter Unit
Configuration

IV-N
Configuration

X-1

Prompt
neutron
generation time 
(L)

ms 69.0 65.46

Delayed
neutron
fraction (b)

pcm(a) 822 800

Radial peaking
factor (Fr)

– 1.456 2.278

Axial peaking
factor (Fa)

– 1.388 1.415

Temperature
coefficient
– Doppler              
– Moderator

   $/°C(b)

$/°C
 –2.54×10–3

–1.3×10–2

 –2.54×10–3

–2.3×10–2

Void
coefficient

$/% 0.342 0.342

(a) 1 pcm = 10–5

(b) 1 $ is the re ac tiv ity that will make a re ac tor prompt crit i cal



proved to be ac cept able, since the de vi a tion is fully
cov ered by mea sure ment un cer tain ties.

The loss of shut down heat re moval ac ci dent
anal y sis was cov ered by means of the LODEHR
code [7], a newly de vel oped, tran sient ther mal-hy -
drau lic model for pre dict ing MTR re search re ac tor
core be hav iour un der loss of shut down heat re -
moval. The said model is well suited for fuel plate
sur face tem per a ture es ti ma tion in sit u a tions where
the core re mains par tially im mersed in stag nant wa -
ter, as is the case with the loss of cool ant be cause of
dam age to the ex per i men tal beam tube in a MTR
pool- type re ac tor.

A se ries of ther mal con straints have to be ob -
served in or der to in sure the safe op er a tion of the
NUR re ac tor. The safety of op er a tion of the NUR
re ac tor im poses, among other things, cer tain ther -
mal lim i ta tions on the fuel clad ding sur face tem per -
a ture, Tw. These lim i ta tions are:

– at nor mal op er a tion, the max i mum value
reached by Tw in the hot test chan nel should not ex -
ceed 90 °C; this con straint is im posed in or der to
min i mize the rate of sur face ox i da tion of the alu -
minium clad ding ma te rial,

– in the case of tran sients, the max i mum value
reached by  Tw  in the hot test chan nel should not ex -
ceed 120 °C; this con straint is im posed in or der to
avoid cool ant nu cle ate boil ing at clad sur face. Flow
ex cur sion phe nom e non could take place un der such
con di tions [8], and

– in the case of se vere ac ci dents, the max i mum
value reached by  Tw  should re main  be low 600 °C;
this con straint is im posed in or der to avoid the melt -
ing of the alu minium clad ding of the fuel plates and
con se quent lib er a tion of fis sion prod ucts.

The hot test chan nel in Con fig u ra tion X-1
was de ter mined through neutronic cal cu la tions
and found to lie, when the op er a tion of the re ac tor
is nor mal, within the fuel el e ment E-8 and char ac -
ter ized by an over all power peak ing fac tor of 3.0.

At nor mal op er a tion, tem per a ture pro files
within the chan nel were de ter mined us ing the
THERMIC-1H code. The re sults of these cal cu -
la tions in di cate that the max i mum tem per a ture in
the hot test chan nel stays well bel low 90 °C for a
re ac tor op er at ing at the most se vere re gime, one
char ac ter ized by a ther mal power level equal to
1.2 MW (i. e. 120% Pn; Pn is the re ac tor nom i nal
power) and an ef fec tive core cool ant flow rate of
154 m3 per hour.

TRAN SIENT ANAL Y SIS

The fol low ing trip points were con sid ered in
our tran sient anal y sis. The emer gency shut down of
the NUR re ac tor is trig gered by one of the fol low -
ing trip sig nals:

– re ac tor power  >1.2 Pn; (Pn = 1 MW),
– pri mary cool ant flow rate  <0.8 Qn;

           (Qn  = 220 m3 per hour),
– re ac tor pe riod  <20 s,
– pool wa ter height <9 m, and
– the nat u ral con vec tion valve opens when the

cool ant flow rate <0.2 Qn.
For all the tran sients, a 0.25 s de lay time be -

tween the on set of the trip con di tion and the be -
gin ning of the ef fec tive in ser tion of the safety rods
into the core was con sid ered. For the com pu ta tion
of the de cay in the cool ant flow rate dur ing a pri -
mary pump fail ure ac ci dent, the ex per i men tally de -
ter mined value of  2.2 s was taken as the time con -
stant.

IAEA sug gested tran sient cases

As sug gested by the AIEA safety guide re port
[2], the fol low ing cases were con sid ered.

Fast and slow loss of cool ant flow
(FLOFA and SLOFA)

Flow de cay is gov erned by an ex po nen tial de -
crease law (exp(–t/T) with T = 1 s). As shown in fig. 
3 and 4, we no tice that the val ues of cool ant and clad 
tem per a tures in the hot chan nel are higher in
Configuration X-1. How ever, in com par i son to the
old core con fig u ra tion (Configuration IV-N), a sta -
ble nat u ral con vec tion re gime is reached more
quickly.

In the case of the slow loss of flow, the de cay
con stant is equal to T=25 s. Fig ures 5 and 6 show that
the same phe nom e non oc curs in the case of fast
LOFA. Nat u ral con vec tion takes place af ter 2 T  = 50 s 
and, for Con fig u ra tion X-1 fuel el e ments, the tem per -
a tures sta bi lize with a high value.
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Fig ure 3. Clad tem per a ture re sponse for a fast LOFA



Fast and slow tran sient
re ac tiv ity in ser tion

 A re ac tiv ity in ser tion of 1.5 $ within 0.5 s is
con sid ered to be pos i tive when the re ac tor core is
in a crit i cal state with an ini tial power of 1 W. As
shown in figs. 7 and 8, the peak power value is
reached more or less in the same man ner for the
two con fig u ra tions. How ever, the tem per a tures
of the clad ding and the cool ant in the hot chan nel
are higher in the case of Con fig u ra tion X-1 el e -
ments con fig u ra tion, still re main ing far from
their re spec tive safety crit i cal val ues (see figs.9
and 10.).

In the case of slow re ac tiv ity in ser tion, the in -
ser tion rate is 1.5 $ within 10 s. As above men -
tioned, the peak of power is reached more or less in
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Fig ure 4. Cool ant tem per a ture re sponse for a fast
LOFA

Fig ure 5. Clad tem per a ture re sponse for a slow
LOFA

Fig ure 6. Cool ant tem per a ture re sponse for a slow
LOFA

Fig ure 7. Power re ac tor re sponse for a fast ramp of
pos i tive re ac tiv ity in ser tion

Fig ure 8. Power re ac tor re sponse for a slow ramp of
pos i tive re ac tiv ity in ser tion



the same man ner for the two con fig u ra tions.  How -
ever, the tem per a tures of the hot chan nel clad and
cool ant are higher in the case of Con fig u ra tion X-1.
(figs. 11 and 12).

Loss of cool ant ac ci dent

The case of a hy po thet i cal ac ci den tal break in
an ex per i men tal hor i zon tal beam tube that would
re sult in loss of wa ter from the re ac tor pool and
lead to a di rect ex po sure of a large por tion of the
core to air was parametrically stud ied us ing the
in-house LODHER code [7]. It was found that the 
most se vere sit u a tion oc curs when the height of
wa ter re main ing in the pool is just enough to hin -
der nat u ral air cir cu la tion through core fuel el e -
ments. In that case, the max i mum tem per a ture
reached by the alu mi num clad ding of the fuel
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Fig ure 9. Clad tem per a ture re sponse for a fast ramp
of pos i tive re ac tiv ity in ser tion

Fig ure 10. Cool ant tem per a ture re sponse for a fast
ramp of pos i tive re ac tiv ity in ser tion

Fig ure 11. Clad tem per a ture re sponse for a slow ramp 
of pos i tive re ac tiv ity in ser tion

Fig ure 12. Cool ant tem per a ture re sponse for a slow
ramp of pos i tive re ac tiv ity in ser tion

Fig ure 13. Loss of de cay heat re moval ac ci dent: core 
tem per a tures evo lu tion
(core im mer sion height – 5 cm, cool ant leak age time –
250 s, core op er a tion his tory 1 MW dur ing 2 days, Con fig -
u ra tion IV-N)



plates stays be low 500 °C (fig. 13), hence well be -
low the melt ing point of alu minum. As the level of
core im mer sion in creases, inter-plate wa ter tem -
per a ture in creases till it reaches sat u ra tion con di -
tions. The cir cu la tion of sat u rated steam be tween
fuel plates will in duce a large de crease in plate tem -
per a ture. Con se quently, wa ter tem per a ture in side
the inter-plate gap de creases and boil ing stops. In
prac tice, we will ob serve an un sta ble re gime,
where the boil ing pro cess moves from one chan nel
to an other. As shown in fig. 14, it was found that in 
this re gime the fuel sur face tem per a ture re mains
be low 170 °C.

CON CLU SION

The anal y sis per formed shows that the more
sym met ri cal na ture of core ge om e try leads to a
more ad e quately bal anced re ac tiv ity con trol sys tem
and con trib utes quite ef fi ciently to the op er a tional
safety of the NUR re ac tor.

The ex ten sive nu mer i cal mod el ling and va ri -
ety of mea sure ments and ex per i men tal tests that
have been per formed were also of par a mount im -
por tance for the in tro duc tion of a se ries of im prove -
ments con cern ing an a lyt i cal tools and meth ods
com monly used in re search re ac tor core anal y sis.

Ac cord ing to these cal cu la tions, as pre dicted,
tem per a ture lim its were not ex ceeded un der se vere
ac ci den tal sit u a tions; nei ther in fast loss of flow type
tran sients nor in fast pos i tive re ac tiv ity in ser tion type
tran sients.

The ap pli ca tion of these im proved meth ods
will en able us to achieve a more re al is tic safety mar -
gin and con se quently in crease the life time and com -
mer cial pro duc tiv ity of re search re ac tors.
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Fig ure 14. Loss of de cay heat re moval ac ci dent: core
tem per a tures evo lu tion and steam mass ve loc ity pro -
files
(core im mer sion height – 5 cm, cool ant leak age time – 250 s,
core op er a tion his tory 1 MW dur ing 2 days, Con fig u ra tion
IV-N)
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SIGURNOSNA  ANALIZA  OPTIMIZACIJE  NEUTRONSKOG  FLUKSA 
U  KANALU  ZA  OZRA^IVAWE  ISTRA@IVA^KOG  REAKTORA  NUR

Pre obavqawa zamene goriva, planiranog uve}awa snage, ili kao deo obaveznih analiza
doga|aja koji su se zbili, moraju se izvr{iti pouzdane sigurnosne procene. Najop{tije govore}i,
sadr`aj sigurnosnog izve{taja mora da se izmeni kadgod se nova vrsta ili oblik goriva upotrebi u
reaktorskom jezgru. Kako postoje}e elektrane imaju dobro utvr|ene postupke licencirawa sa
vaqano zasnovanim analiti~kim metodama, to primena inovativnih analiti~kih metoda mora
biti pa`qivo ocewena, sa posebnim naglaskom na mogu}nost postizawa rezultata koji su na op{tu
korist reaktorskog rada. U ovim okvirima obavqeno je detaqno istra`ivawe u nameri da se
obezbedi da dopu{tene sigurnosne granice reaktora u radu nisu prekora~ene niti u jednom slu~aju.

Kqu~ne re~i: sigurnosna analiza, optimizacija fluksa, MTR nuklearni istra`iva~ki reaktor


