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A sim ple model, for the es ti ma tion of changes in the nu clear fuel el e ment clad ding tem per a -
ture as well as the con di tions of the for ma tion of the on set of nu cle ate boil ing, is pro posed.
The re sults of this es ti ma tion are suf fi cient to as sess the ef fect of the tran sient with the peak of
the re ac tor's power on the de vice's safety, with out the need for time-con sum ing ther mal cal cu -
la tions. The ba sic pa ram e ters de ter mined us ing the pro posed model are the max i mum wall
tem per a ture of the de vice in a hot spot, the time con stant of the wall tem per a ture change, and
the course of changes in the on set of nu cle ate boil ing ra tio in time. The model may be used for
in ves ti gat ing the ther mal be hav ior of thin heat-gen er at ing and wa ter-cooled el e ments (such
as fuel el e ments or ura nium ir ra di a tion tar gets) dur ing rapid power rise. The re sults of the
tem per a ture es ti ma tion with the pro posed model were tested con sid er ing the hot spot in the
MR-6 type nu clear fuel. The SN code with cou pled ki net ics and ther mal-hy drau lics, de vel -
oped in the MARIA re ac tor was used to val i date the re sults. The max i mum clad ding tem per a -
ture, the ther mal time con stant and the on set of nu cle ate boil ing ra tio pa ram e ter sim u lated by
the SN code and the pro posed scheme ap peared to be very con sis tent.
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IN TRO DUC TION

Now a days nu clear re ac tor ac ci dent sce nar ios are 
an a lyzed with val i dated ther mal-hy drau lic codes, cur -
rently us ing the best es ti mate plus un cer tainty meth od -
ol ogy [1]. How ever, such analyse is time-con sum ing
and not al ways nec es sary – thus some of the tran sients
might be pre ceded or even re placed with the sim pler
ap proach.

One of the tran sient states, an a lyzed in the
MARIA Re ac tor Safety Re port, is the re ac tiv ity dis or -
der. It is a tran sient state in duced by the re ac tor it self
lead ing to a short-term power peak un der the un -
changed cool ing con di tions. This power peak af fects
all de vices and tar get ma te ri als in stalled in the core [2].

The pos tu lated ref er ence event ini ti at ing the
short-term, yet sig nif i cant power peak in the MARIA
re ac tor is a break of the con trol rod and in tro duc tion of
the re ac tiv ity at the rate of +1.5 $s–1 (where $ is the unit 
of re ac tiv ity nor mal ized to the de layed neu tron frac -
tion). Within 0.6 sec onds the re ac tor scram pro ceeds

by drop ping other ab sorp tion rods. Fig ure 1 shows the
course of a sin gle fuel el e ment power change dur ing a
tran sient re lated to the oc cur rence of the power peak.
In the steady-state be fore the power peak, the fuel el e -
ment works with sta ble ther mal power of 1.8 MWth

(cor re spond ing with the to tal re ac tor power of 30
MWth). Af ter about 0.4 sec onds, the fuel el e ment
power reaches the max i mum value of 8.64 MWth (in -
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Fig ure 1. Power time se ries dur ing tran sient;
 tran sient  ----- steady-state



crease 4.8 times) and starts to de crease. The nom i nal
level of 1.8 MWth is reached again af ter 0.6 seconds
from the be gin ning of the event. The en ergy gen er ated
in the fuel el e ment in the power peak in ad di tion to the
steady-state level (the area above the dashed line) is in
this case about 1.7 MJ [2, 3].

Dur ing the en tire tran sient state, a con stant nom -
i nal flow rate of the cool ant in the cool ing cir cuit is as -
sumed. In the case of ex per i men tal de vices, tar get ma -
te ri als, or other core el e ments in which heat is
gen er ated, it may be as sumed that their power changes
at the same ra tio as in fuel el e ment, as de scribed by
point ki net ics equa tions [4]. The ef fect of the tran sient
state with the power peak at the main tained cool ant
flow is the short-term tem per a ture in crease in the de -
vice and then, due to re ac tor scram, its drop to a level
lower than the steady-state tem per a ture level, pre ced -
ing the tran sient state [5].

THE LUMPED THER MAL
CA PAC ITY MODEL

When con struct ing a sim pli fied tran sient model
that de scribes rapid power in crease, a num ber of as -
sump tions were adopted, which will be jus ti fied later
in the chap ter. These sim pli fi ca tions are out lined be -
low:
– Re ac tor de vices for which ther mal an a lyzes are car -

ried out in the tran sient state are char ac ter ized by the
low ther mal re sis tance of con duc tion in com par i son
with a ther mal re sis tance of heat ab sorp tion by the
cool ing me dium. In this case, the model may be used 
in bod ies with a low ther mal re sis tance (lumped
ther mal ca pac ity model, LCM) [6],

– The model per forms a point es ti ma tion of ther mal
pa ram e ters: wall tem per a ture, the on set of nu cle -
ate boil ing ra tio, ONBR – for def i ni tion see eq.
(15), of the hot spot in a tran sient state and omits
the spa tial dis tri bu tion of these pa ram e ters. It is as -
sumed that based on sep a rate cal cu la tions, the
ther mal pa ram e ters of the hot space are de ter -
mined in the con di tions of the steady-state pre ced -
ing the power peak.

– The ge om e try of the de vice in a hot spot is usu ally
a plate or pipe cooled by flow ing wa ter. The plate
can con sist of sev eral lay ers (e. g. clad ding, core,
clad ding) char ac ter ized by good ther mal con duc -
tiv ity. An im por tant sim pli fi ca tion of the model is
the as sump tion that the ther mal prop er ties of all
the lay ers are the same, as well as the uni form den -
sity of the spa tial heat source. Fig ure 2 shows a di -
a gram of a plate or pipe sec tion in a hot spot,
adopted in the model.

– It is as sumed that the tem po ral course of changes
in the re ac tor power in a tran sient is known, de ter -
mined based on other cal cu la tions, most of ten us -
ing the re ac tor dy nam ics model [7].

– Af ter the power peak, the re ac tor is shut down.
How ever, the re ac tor's power does not drop to
zero. Two com po nents re main, which in prac tice
can be con sid ered as per ma nent in a no tice ably
short pe riod of time [8]. Those com po nents are
neu tron power of the re ac tor, de pend ent on the in -
tro duced neg a tive re ac tiv ity and ther mal power of
fis sion prod ucts, which can be con sid ered as a
con stant value (in the short pe riod af ter the re ac tor
is turned off), equal to 7 % of ther mal power in the
steady-state. To as sess the neu tron power level im -
me di ately af ter switch ing off the re ac tor, the
prompt-jump ap prox i ma tion may be used [9].

– The con stant tem per a ture of the cool ing wa ter is
as sumed, i. e., the changes in the wa ter tem per a -
ture at the in let and the change of the wa ter tem -
per a ture dis tri bu tion in the tran sient state are ig -
nored.

– Changes in the phys i cal pa ram e ters (den sity, spe -
cific heat, etc.) are not con sid ered when the tem -
per a ture changes.

THE MATH E MAT I CAL FOR MU LA TION

Let us start with in tro duc ing the con cept of dif -
fer en tial tem per a ture, J, as a dif fer ence of cool ing wa -
ter tem per a ture and the tem per a ture in the heat-gen er -
at ing solid plate

J( , ) ( , )x t T x t T f= - (1)

The tem per a ture field in the plate de fined in this
way com plies with Fou rier's equa tion of heat con duc -
tion
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with the bound ary con di tion
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Fig ure 2. The sys tem cross-sec tion through the
con sid ered point: V – nu clear el e ment vol ume,
T(r,  t) – tem per a ture as a func tion of ra dius and time,
S – clad ding area, Tf – cool ing wa ter tem per a ture
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Af ter in te grat ing eq. (2) by vol ume (per length
unit) and ap ply ing Gauss' the o rem with the bound ary
con di tion (3), we get eq. (4), in which JV and JS  are
the av er age tem per a tures, re spec tively by vol ume and
on plate sur face as de fined by eqs. (5) and (6)
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The cri te rion of us ing the model of heat ex -
change in bod ies with a low ther mal re sis tance of con -
duc tion (LCM) is the low value of the Biot cri te rion
[10, 11], de fined as the ra tio of ther mal re sis tance of
con duc tion to the ther mal re sis tance of con vec tive
heat trans fer. In the case of a dou ble-sided cooled plate 
or pipe, the Biot num ber is given by

Bi =
a

l

d

2
(7)

The MR-6 nu clear fuel el e ments used in the
MARIA re ac tor, con sist of six con cen tric tubes, each
hav ing a thick ness of d = 0.002 m as pre sented in fig. 3. 
Tube thick ness is sim i lar to the cor re spond ing di men -
sion in the other re search re ac tors [12, 13]. Heat trans -
fer co ef fi cient has an or der of mag ni tude a = 10000
Wm–2K–1 and ther mal con duc tiv ity l = 100 Wm–1K–1

[14, 15]. There fore, the Biot num ber is roughly 0.1 and 
ful fils the con di tion Bi << 1.

In the LCM model, the as sump tion that JV and  
JS are equal ex ists, there fore from now on, both will be 
marked as J [17]. Ad di tion ally, let us in tro duce the
ther mal time con stant of the plate – t0, as de scribed as

t
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With that con stant eq. (4) can be writ ten as
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In the steady-state, so lu tion of the eq. (9) is given 
by
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Both the tem per a ture dif fer ence be tween the
clad ding and cool ing wa ter in the hot spot – J0 and
heat flux per area &&&q0  must be taken from the
steady-state cal cu la tion. If heat trans fer co ef fi cient, a,
is un known, it can be cal cu lated from eq. (10).

TEM PER A TURE AND ONBR
CHANGES DUR ING TRAN SIENTS

Know ing the course of changes in the re ac tor
power in a tran sient state, counted rel a tive to the
steady-state power, let us in tro duce the func tion of rel -
a tive power changes h(t), given by eq. (11) with the
ini tial con di tion h(0) = 1
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Equa tion (10) can be now writ ten as eq. (12) and
its so lu tion is given in eq. (13).
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As can be seen from eq. (13), the only pa ram e ter
that char ac ter izes the dy nam ics of fuel el e ment tem -
per a ture changes is the time con stant, t0, that com -
bines ther mal pa ram e ters of the plate and heat trans fer
co ef fi cient.

Equa tion (13) has to be in te grated nu mer i cally;
af ter add ing a con stant wa ter tem per a ture, a time
course of tem per a ture changes is ob tained as

T t t T f( ) ( )= +J (14)

To per form the safety anal y sis, two ad di tional
pa ram e ters are needed: ONBR and the on set of nu cle -
ate boil ing tem per a ture (TONB). They are given by
eqs. (15) and (16), re spec tively [18, 19]

ONBR ONB fin

fin

=
-

-

T T

T T
(15)

T T
q

p
ONB sat= + 0182

0 35

0 23
.

&& .

.
(16)

In the tran sient state, both the TONB (due to the
heat flux change) and the wall tem per a ture of the plate
are changed. It is as sumed, how ever, that the other pa -
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Fig ure 3. The MR-6 type fuel cross sec tion [16]: d1 = 0.6
mm, d2 = 0.8 mm, d3 = 0.6 mm



ram e ters are con stant, i. e., pres sure, the wa ter tem per -
a ture at the in let to the gap, and sat u ra tion tem per a ture.

In sum mary, to de ter mine the max i mum plate
tem per a ture and the min i mum ONBR pa ram e ter in a
tran sient state with a power peak, the fol low ing data
should be used:
– Rel a tive power change h(t) in a tran sient state

(based on re ac tor dy nam ics cal cu la tions).
– Ther mal pa ram e ters of the ex per i men tal de vice or

fuel el e ment in steady-state: wa ter tem per a ture at
the in let to the cool ing chan nel, wa ter tem per a ture
and plate tem per a ture in the hot spot, heat flux and
wa ter pres sure in the hot spot, and the wa ter sat u -
ra tion tem per a ture cor re spond ing to this pres sure.

– Plate or tube pa ram e ters (ef fec tive): den sity, spe -
cific heat, ther mal con duc tiv ity co ef fi cient, and
plate thick ness.

COM PAR I SON WITH
NU MER I CAL RE SULTS

The re sults of the es ti ma tion ac cord ing to the
pro posed model were tested for the hot spot in the
MR-6 fuel, where full cal cu la tions of the tran sient
state were car ried out us ing the SN code [5]. The SN
code is cou pled ki net ics and ther mal-hy drau lic code
used for the MARIA re ac tor anal y ses. Its ac cu racy has
been val i dated by RELAP5 Mod 3.3 [20, 21].

The MR-6 type nu clear fuel el e ment con tains six 
con cen tric tubes with 19.7 % en riched ura nium in the
form of UO2. The fuel layer is sur rounded by alu mi -
num clad ding. In the MARIA re ac tor core, each fuel
el e ment is lo cated in side pres sur ized Field-tube chan -
nels [22].

In the steady-state, the hot spot is lo cated on the
in ner wall of the 6th (outer) MR fuel pipe, 195 mm be -
neath the core mid-height. The fuel pa ram e ters
adopted for the SN code were:
– power of the fuel el e ment: 1.8 MW,
– wa ter tem per a ture at the in let to the gap: Tfin = 45 °C,
– wa ter flow through the fuel chan nel: 25 m–3h–1.

The pa ram e ters of the hot spot, cal cu lated by the
SN code, are:
– wa ter tem per a ture: Tf = 77.9 °C,
– wall tem per a ture: T = 136.5 °C,
– heat flux: &&&q = 1.798 MWm–2,
– heat trans fer co ef fi cient: a = 3.07×104 Wm–2K–1,
– wa ter pres sure: p = 15.6 bar, where 1 bar = 105 Pa,
– sat u ra tion tem per a ture: Tsat = 199.7 °C.

For cal cu la tion of the ther mal time con stant, the
vol u met ric heat ca pac ity rc = 2.4×106 Jm–3K–1 was as -
sumed. It is an av er age value be tween 2.37×106

Jm–3K–1 for the fuel meat and 2.47×106 Jm–3K–1 for the
clad ding.

With the plate thick ness d = 2 mm, the time con -
stant, cal cu lated us ing eq. (8), is: t0 = 0.078 sec onds.

Us ing these pa ram e ters and the time course of
the rel a tive power of the fuel el e ment in the tran sient

state, the tem per a ture changes of the clad ding and the
ONBR pa ram e ter in the hot spot can be cal cu lated us -
ing the LCM equa tions. Fig ure 4 pres ents a com par i -
son of tem per a ture changes of the clad ding and ONBR 
pa ram e ter value in a tran sient state, cal cu lated em -
ploy ing the SN code and by us ing the ap prox i mate
LCM model.

CON CLU SIONS

An ap prox i mate model based on the lumped ca -
pac ity method al lows a very good re pro duc tion of the
max i mum clad ding tem per a ture af ter tran sient with a
power peak. A sim i lar con clu sion ap plies to the min i -
mum value of the ONBR pa ram e ter in the same sce -
nario.

A sim plis tic as sump tion about the con stant tem -
per a ture of the cool ing wa ter causes dis crep ancy of the 
LCM with an ac cu rate cal cu la tion model, but only for
times af ter the oc cur rence of tem per a ture peaks. This
range of tran sients is, how ever, not es sen tial for the
safety anal y sis of this par tic u lar tran sient.

The use of a sim pli fied LCM is jus ti fied in the
case of the safety anal y sis of ex per i men tal de vices in
the form of a rel a tively thin plate, or pipe cooled with
wa ter and the ful fil ment of the con di tion of a small
Biot num ber (Bi n 1).

NO MEN CLA TURE

c – spe cific heat [Jkg–1K–1]
d – fuel plate or pipe thick ness [m]
t – time [s]
T – tem per a ture [°C]
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Fig ure 4. Clad ding tem per a ture and ONBR at the hot
spot dur ing the cal cu lated tran sient



Tfin – wa ter tem per a ture at in let [°C]
TONB – the on set of nu cle ate boil ing

tem per a ture [°C].
Tsat – wa ter sat u ra tion tem per a ture [°C]
P – re ac tor power [MW]
p – pres sure [bar], 1 bar = 105 Pa
&&q – heat flux [Wm–2]
&&&q – heat gen er a tion vol u met ric den sity [Wm–3]

Greek let ters

a – heat trans fer co ef fi cient [Wm–2K–1]
J – non-di men sional tem per a ture [–]
Js – tem per a ture dif fer ence be tween the clad ding

and cool ing wa ter [°C]

l – ther mal con duc tiv ity [Wm–1K–1]

r – den sity [kgm–3]
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Ma}ej LIPKA, Gavel MADEJOVSKI, Rafal PROKOPOVI^, K{i{tof PITEL

APROKSIMATIVAN  MODEL  ZA  PROCENU  TERMOHIDRAULI^KIH
PRELAZNIH  POJAVA  POVEZANIH  SA  BRZIM  POVE]AWEM  SNAGE

U  ISTRA@IVA^KOM  NUKLEARNOM  REAKTORU

Predlo`en je jednostavan model za procenu promena tem per a ture ko{uqice nuklearnog
gorivog elementa kao i uslova formirawa po~etka nuklearnog kqu~awa. Rezultati ove procene
dovoqni su za analizu uticaja prelaznog stawa sa pikom snage reaktora na sigurnost ure|aja, bez
potrebe za dugotrajnim toplotnim prora~unima. Osnovni parametri utvr|eni primenom predlo-
`enog modela su: maksimalna temperatura zida ure|aja u `ari{tu, vremenska konstanta promene
tem per a ture zida, i tok promena odnosa po~etka nuklearnog kqu~awa po vremenu. Model se mo`e
koristitit za ispitivawe toplotnog pona{awa vodom hla|enih tankih elemenata koji stvaraju
toplotu (kao {to su gorivni elementi ili mete ozra~ivane uranijumom) tokom brzog porasta snage.
Rezultati procene tem per a ture predlo`enim modelom testirani su pomo}u `ari{ta nuklearnog
goriva tipa MR-6. Za potvr|ivawe rezultata kori{}en je SN kod sa spregnutom kinetikom i
termohidraulikom, razvijen za reaktor MARIA. Pokazalo se da su maksimalna temperatura ko{u-
qice, termi~ka vremenska konstanta i parametar odnosa po~etka nuklearnog kqu~awa simulirani
SN kodom i predlo`ena {ema vrlo konzistentni.

Kqu~ne re~i: sigurnost reaktora, termohidraulika, model sa grupisanim parametrima, prenos 
..........................toplote, istra`iva~ki reaktor


