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A simple model, for the estimation of changes in the nuclear fuel element cladding tempera-
ture as well as the conditions of the formation of the onset of nucleate boiling, is proposed.
The results of this estimation are sufficient to assess the effect of the transient with the peak of
the reactor's power on the device's safety, without the need for time-consuming thermal calcu-
lations. The basic parameters determined using the proposed model are the maximum wall
temperature of the device in a hot spot, the time constant of the wall temperature change, and
the course of changes in the onset of nucleate boiling ratio in time. The model may be used for
investigating the thermal behavior of thin heat-generating and water-cooled elements (such
as fuel elements or uranium irradiation targets) during rapid power rise. The results of the
temperature estimation with the proposed model were tested considering the hot spot in the
MR-6 type nuclear fuel. The SN code with coupled kinetics and thermal-hydraulics, devel-
oped in the MARIA reactor was used to validate the results. The maximum cladding tempera-
ture, the thermal time constant and the onset of nucleate boiling ratio parameter simulated by
the SN code and the proposed scheme appeared to be very consistent.
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INTRODUCTION

Nowadays nuclear reactor accident scenarios are
analyzed with validated thermal-hydraulic codes, cur-
rently using the best estimate plus uncertainty method-
ology [1]. However, such analyse is time-consuming
and not always necessary — thus some of the transients
might be preceded or even replaced with the simpler
approach.

One of the transient states, analyzed in the
MARIA Reactor Safety Report, is the reactivity disor-
der. It is a transient state induced by the reactor itself
leading to a short-term power peak under the un-
changed cooling conditions. This power peak affects
all devices and target materials installed in the core [2].

The postulated reference event initiating the
short-term, yet significant power peak in the MARIA
reactor is a break of the control rod and introduction of
the reactivity at the rate of +1.5 $s~! (where § is the unit
of reactivity normalized to the delayed neutron frac-
tion). Within 0.6 seconds the reactor scram proceeds
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by dropping other absorption rods. Figure 1 shows the
course of a single fuel element power change during a
transient related to the occurrence of the power peak.
In the steady-state before the power peak, the fuel ele-
ment works with stable thermal power of 1.8 MW,
(corresponding with the total reactor power of 30
MW,,). After about 0.4 seconds, the fuel element
power reaches the maximum value of 8.64 MW, (in-
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Figure 1. Power time series during transient;
transient ===== steady-state
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crease 4.8 times) and starts to decrease. The nominal
level of 1.8 MW, is reached again after 0.6 seconds
from the beginning of the event. The energy generated
in the fuel element in the power peak in addition to the
steady-state level (the area above the dashed line) is in
this case about 1.7 MJ [2, 3].

During the entire transient state, a constant nom-
inal flow rate of the coolant in the cooling circuit is as-
sumed. In the case of experimental devices, target ma-
terials, or other core elements in which heat is
generated, it may be assumed that their power changes
at the same ratio as in fuel element, as described by
point kinetics equations [4]. The effect of the transient
state with the power peak at the maintained coolant
flow is the short-term temperature increase in the de-
vice and then, due to reactor scram, its drop to a level
lower than the steady-state temperature level, preced-
ing the transient state [5].

THE LUMPED THERMAL
CAPACITY MODEL

When constructing a simplified transient model
that describes rapid power increase, a number of as-
sumptions were adopted, which will be justified later
in the chapter. These simplifications are outlined be-
low:

— Reactor devices for which thermal analyzes are car-
ried out in the transient state are characterized by the
low thermal resistance of conduction in comparison
with a thermal resistance of heat absorption by the
cooling medium. In this case, the model may be used
in bodies with a low thermal resistance (lumped
thermal capacity model, LCM) [6],

— The model performs a point estimation of thermal
parameters: wall temperature, the onset of nucle-
ate boiling ratio, ONBR — for definition see eq.
(15), of the hot spot in a transient state and omits
the spatial distribution of these parameters. Itis as-
sumed that based on separate calculations, the
thermal parameters of the hot space are deter-
mined in the conditions of the steady-state preced-
ing the power peak.

— The geometry of the device in a hot spot is usually
a plate or pipe cooled by flowing water. The plate
can consist of several layers (e. g. cladding, core,
cladding) characterized by good thermal conduc-
tivity. An important simplification of the model is
the assumption that the thermal properties of all
the layers are the same, as well as the uniform den-
sity of the spatial heat source. Figure 2 shows a di-
agram of a plate or pipe section in a hot spot,
adopted in the model.

— It is assumed that the temporal course of changes
in the reactor power in a transient is known, deter-
mined based on other calculations, most often us-
ing the reactor dynamics model [7].

Solid-fluid interface
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Figure 2. The system cross-section through the
considered point: V' — nuclear element volume,

T(r, t) — temperature as a function of radius and time,
S — cladding area, Ty— cooling water temperature

—  After the power peak, the reactor is shut down.
However, the reactor's power does not drop to
zero. Two components remain, which in practice
can be considered as permanent in a noticeably
short period of time [8]. Those components are
neutron power of the reactor, dependent on the in-
troduced negative reactivity and thermal power of
fission products, which can be considered as a
constant value (in the short period after the reactor
is turned off), equal to 7 % of thermal power in the
steady-state. To assess the neutron power level im-
mediately after switching off the reactor, the
prompt-jump approximation may be used [9].

— The constant temperature of the cooling water is
assumed, i. e., the changes in the water tempera-
ture at the inlet and the change of the water tem-
perature distribution in the transient state are ig-
nored.

— Changes in the physical parameters (density, spe-
cific heat, efc.) are not considered when the tem-
perature changes.

THE MATHEMATICAL FORMULATION

Let us start with introducing the concept of dif-
ferential temperature, 3, as a difference of cooling wa-
ter temperature and the temperature in the heat-gener-
ating solid plate

I, 0)=T(x,t)-T, (1)

The temperature field in the plate defined in this
way complies with Fourier's equation of heat conduc-
tion

pc;ﬁzw%ﬂa ()
t

with the boundary condition
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After integrating eq. (2) by volume (per length
unit) and applying Gauss' theorem with the boundary
condition (3), we get eq. (4), in which 3, and § g are
the average temperatures, respectively by volume and
on plate surface as defined by egs. (5) and (6)
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The criterion of using the model of heat ex-
change in bodies with a low thermal resistance of con-
duction (LCM) is the low value of the Biot criterion
[10, 11], defined as the ratio of thermal resistance of
conduction to the thermal resistance of convective
heat transfer. In the case of a double-sided cooled plate
or pipe, the Biot number is given by
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The MR-6 nuclear fuel elements used in the
MARIA reactor, consist of six concentric tubes, each
having a thickness of d=0.002 m as presented in fig. 3.
Tube thickness is similar to the corresponding dimen-
sion in the other research reactors [12, 13]. Heat trans-
fer coefficient has an order of magnitude o = 10000
Wm 2K and thermal conductivity A = 100 Wm'K"!
[14,15]. Therefore, the Biot number is roughly 0.1 and
fulfils the condition Bi << 1.

In the LCM model, the assumption that 3, and
9 gare equal exists, therefore from now on, both will be
marked as & [17]. Additionally, let us introduce the
thermal time constant of the plate — 7, as described as

Bi )

ped
200

With that constant eq. (4) can be written as
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' Cladding Water
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Figure 3. The MR-6 type fuel cross section [16]: d; = 0.6
mm, d, = 0.8 mm, d; = 0.6 mm

In the steady-state, solution of the eq. (9) is given
by
d q
So="q9="" (10)
a o

Both the temperature difference between the
cladding and cooling water in the hot spot — 3, and
heat flux per area ¢, must be taken from the
steady-state calculation. If heat transfer coefficient, o,

is unknown, it can be calculated from eq. (10).

TEMPERATURE AND ONBR
CHANGES DURING TRANSIENTS

Knowing the course of changes in the reactor
power in a transient state, counted relative to the
steady-state power, let us introduce the function of rel-
ative power changes 7(t), given by eq. (11) with the
initial condition 7, = 1 P

t
nt)=—-—
P(0)

Equation (10) can be now written as eq. (12) and
its solution is given in eq. (13).
d9

— —i9+i90n(t) (12)
dt T Ty

(1)

9(;):90{’”{“ ! J.(;ef/f‘)n(t)dr} (13)
0

T

As can be seen from eq. (13), the only parameter
that characterizes the dynamics of fuel element tem-
perature changes is the time constant, 7, that com-
bines thermal parameters of the plate and heat transfer
coefficient.

Equation (13) has to be integrated numerically;
after adding a constant water temperature, a time
course of temperature changes is obtained as

T(1)=9(t)+T, (14)

To perform the safety analysis, two additional
parameters are needed: ONBR and the onset of nucle-
ate boiling temperature (TONB). They are given by
egs. (15) and (16), respectively [18, 19]

ONBR = Toxs =T (15)
4 fin
- 0.35
Tonp =T + 01827 (16)
p

In the transient state, both the TONB (due to the
heat flux change) and the wall temperature of the plate
are changed. It is assumed, however, that the other pa-
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rameters are constant, i. e., pressure, the water temper-
ature at the inlet to the gap, and saturation temperature.
In summary, to determine the maximum plate

temperature and the minimum ONBR parameter in a

transient state with a power peak, the following data

should be used:

— Relative power change n(¢) in a transient state
(based on reactor dynamics calculations).

—  Thermal parameters of the experimental device or
fuel element in steady-state: water temperature at
the inlet to the cooling channel, water temperature
and plate temperature in the hot spot, heat flux and
water pressure in the hot spot, and the water satu-
ration temperature corresponding to this pressure.

— Plate or tube parameters (effective): density, spe-
cific heat, thermal conductivity coefficient, and
plate thickness.

COMPARISON WITH
NUMERICAL RESULTS

The results of the estimation according to the
proposed model were tested for the hot spot in the
MR-6 fuel, where full calculations of the transient
state were carried out using the SN code [5]. The SN
code is coupled kinetics and thermal-hydraulic code
used for the MARIA reactor analyses. Its accuracy has
been validated by RELAP5 Mod 3.3 [20, 21].

The MR-6 type nuclear fuel element contains six
concentric tubes with 19.7 % enriched uranium in the
form of UO,. The fuel layer is surrounded by alumi-
num cladding. In the MARIA reactor core, each fuel
element is located inside pressurized Field-tube chan-
nels [22].

In the steady-state, the hot spot is located on the
inner wall of the 6™ (outer) MR fuel pipe, 195 mm be-
neath the core mid-height. The fuel parameters
adopted for the SN code were:

— power of the fuel element: 1.8 MW,
—  water temperature at the inlet to the gap: T5,=45 °C,
—  water flow through the fuel channel: 25 m~>h™".

The parameters of the hot spot, calculated by the

SN code, are:

— water temperature: 7y = 77.9 °C,

— wall temperature: 7= 136.5 °C,

—  heat flux: §=1.798 MWm?,

—  heat transfer coefficient: o = 3.07-104 Wm K",
—  water pressure: p= 15.6 bar, where 1 bar=10’ Pa,
— saturation temperature: Ty, = 199.7 °C.

For calculation of the thermal time constant, the
volumetric heat capacity pc =2.4-10° Jm3K~! was as-
sumed. It is an average value between 2.37-10°
Jm=3K! for the fuel meat and 2.47-10° Jm K~ for the
cladding.

With the plate thickness d =2 mm, the time con-
stant, calculated using eq. (8), is: 7, = 0.078 seconds.

Using these parameters and the time course of
the relative power of the fuel element in the transient
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Figure 4. Cladding temperature and ONBR at the hot
spot during the calculated transient

state, the temperature changes of the cladding and the
ONBR parameter in the hot spot can be calculated us-
ing the LCM equations. Figure 4 presents a compari-
son of temperature changes of the cladding and ONBR
parameter value in a transient state, calculated em-
ploying the SN code and by using the approximate
LCM model.

CONCLUSIONS

An approximate model based on the lumped ca-
pacity method allows a very good reproduction of the
maximum cladding temperature after transient with a
power peak. A similar conclusion applies to the mini-
mum value of the ONBR parameter in the same sce-
nario.

A simplistic assumption about the constant tem-
perature of the cooling water causes discrepancy of the
LCM with an accurate calculation model, but only for
times after the occurrence of temperature peaks. This
range of transients is, however, not essential for the
safety analysis of this particular transient.

The use of a simplified LCM is justified in the
case of the safety analysis of experimental devices in
the form of a relatively thin plate, or pipe cooled with
water and the fulfilment of the condition of a small
Biot number (Bi < 1).

NOMENCLATURE

¢ — specific heat [Jkg 'K ']

d  — fuel plate or pipe thickness [m]
t — time [s]

T  — temperature [°C]
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Tan — water temperature at inlet [°C]

Tons — the onset of nucleate boiling
temperature [°C].

Tsx — water saturation temperature [°C]

P — reactor power [MW]

p  — pressure [bar], 1 bar = 10° Pa

g — heat flux [Wm™?]

§  — heat generation volumetric density [Wm ]

Greek letters

a  — heat transfer coefficient [Wm K™

8 - non-dimensional temperature [—]

9s — temperature difference between the cladding
and cooling water [°C]

A — thermal conductivity [Wm 'K ']

p  — density [kgm ]
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Mahej JUIIKA, T'asen MAIEJOBCKM, Pajan IPOKOIIOBNY, Kmumrod ITATEL

AITPOKCUMATHUBAH MOJEJ 3A IIPOLIEHY TEPMOXUIPAYINIKHNX
INPEJA3ZHHUX IMOJABA INOBE3AHUX CA BP3UM INIOBEBAIBEM CHATE
Y UCTPAXKNBAYKOM HYKIEAPHOM PEAKTOPY

ITpennoxeH je jeqHOCTaBaH MOJIEJ 32 IPOLIEHY IPOMEHa TeMIIepaType KOLyJbULE HyKIIeapHOT
TOPUBOT €JIEMEHTa Kao U ycloBa (hopMHUpama MOUYEeTKa HYKJIeapHOr Kibyuama. Pe3ynraTu oBe npoueHe
MIOBOJHHU CYy 3a aHAJU3Y YTHIlaja IPeJJa3Hor CTamka ca MMKOM CHAare peakTopa Ha CUTYpHOCT ypebaja, 6e3
noTpede 3a AyroTpajHUM TOIUIOTHUM IpopayyHuma. OCHOBHU apaMeTpu YTBpheHU IPUMEHOM NPEeAJIo-
>KeHOT Mojiesia Cy: MaKCUMaJlHa TeMIlepaTypa 3uia ypebaja y xkapuIilTy, BpeMeHcKa KOHCTaHTa IPOMEHe
TeMIepaType 3uja, 1 TOK IPOMEeHa Of{HOca IIoYeTKa HyKJIeapHOT Kiby4ama Mo BpeMeHy. Mofen ce Moxe
KOPUCTHTHUT 32 UCIUTHBAKE TOIIOTHOT MOHAIIamka BOJOM XJabeHNX TaHKHUX eJeMeHaTa KOju CTBapajy
TOIIIOTY (KA0 IITO CYy TOPUBHU €JIEMEHTH WK METE O3padrBaHe YPaHUjyMOM ) TOKOM OP30T IIopacTa CHare.
PesynraTu npoueHe remnepaTtype NpeajoXXeHIM MOJIEJIOM TECTUPAHU Cy TOMOhyY >KapuIlTa HyKJieapHOr
ropuBa tuna MR-6. 3a noTBpbuBame pesynarata xopuirtheH je SN Koj ca CIPErHyTOM KHHETUKOM U
TEPMOXHIPAYJIMKOM, pa3BujeH 3a peakTop MARIA. IToka3zaino ce ma cy MakCMMaJIHa TeMIlepaTypa KOIIy-
JbULE, TEPMUUKA BpEMEHCKA KOHCTAHTA U lTapaMeTap OfHOCA I0YeTKa HyKJIeapHOT Kiby4yamka CUMYJINPaHU
SN KopioM 1 npejioXKeHa 11emMa BpJIo KOH3UCTEHTHH.

Kmwyune peuu: cuZypHocitl peaxifiopa, wiepmMoxuopayauKd, mooea ca Zpyuucanum uapamerpumd, ipeHoc
wouaoue, UCIUPAXUBAUKU PEAKIUOD




