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Abstract

The temperature response during a reactor shutdown has been measured for many years in the OECD-
Halden Project. It has been shown that the complicated shutdown processes can be characterized by a
time constant r which depends on different fuel design and operational parameters, such as fuel
geometry, gap size, fill gas pressure and composition, burnup and linear heat rate, hi the paper the
concept of a time constant is analyzed and the dependence of the time constant on various parameters
is investigated analytically. Measured time constants for different designs and conditions are
compared with those derived from calculations of the TRANSURANUS code. Employing standard
models results hi a systematic underprediction of the time constant, i.e. the heat transfer during
shutdown is overestimated.

1. INTRODUCTION

The temperature response of a fuel rod during reactor shutdown has been measured for many
years in the OECD-Halden Project [1]. It has been shown that the complicated shutdown
processes can be characterized by a time constant x which depends on different fuel design
and operational parameters, such as fuel geometry, gap size, fill gas pressure and
composition, and linear heat rate.

hi this paper, the time constants of fuel centre temperatures measured in selected experiments
are compared with theoretical results obtained from the TRANSURANUS code [2] and
analysed as function of burnup. One basic question is whether temperature measurements in
reactor shutdown experiments reveal information on the time evolution of thermal properties
of a fuel element during irradiation. Further insight is expected from a detailed investigation
of the behaviour of the modelled thermal properties within the time frame of the reactor
shutdown.

2. ANALYTIC SOLUTIONS

2.1. Basic equations

Analytic solutions derived from Refs. [3, 4] shall be used to get some insight into the
problem. We consider the fuel as an infinite solid cylinder with an outer radius ro surrounded
by a stagnant coolant (moderator) at a given temperature 9cool. The heat transfer between fuel
and coolant is prescribed by a constant (overall) heat transfer coefficient h which includes the
heat transfer through the gap h (gap conduction), the cladding as well as from the cladding
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to the coolant (heat transfer coefficient a). We further assume that the material properties
(thermal conductivity X, density p and specific heat at constant pressure cp ) are constant and

the power density is a given function of time only (q"'F{t)). The general schematic solution
can be written as a superposition of an infinite number of Bessel functions of order zero:

*T,t) = 3COO, + J(.91B +&M(ran) (1)

where under the conditions listed above an are the positive roots of

^J0(roa) = 0 (2)

and 9Xn, 32ri arise from the initial temperature distribution at / = 0 and from the power source
term, respectively:

)r,t = 0)rJo(raJdr Lf«* (3)

(4)

Here a = stands for the diffusivity. The terms /?„ are derived from the normalization of
CPP

the Bessel functions:

7 0 7

\r[jo{anr)] dr r?J2
0(r0an)la] + [j-

For the analysis of a reactor shutdown we start from a steady-state parabolic temperature
distribution in the fuel and switch off the reactor power at t = 0. Thus the solution includes the
terms of 3ln only. For the initial conditions

qm = const for t~0

qm= 0 fort>0

we obtain

»=i al

It is interesting to note that the roots an of equation (2) depend on r0, h and X. In order to
study the thermal behaviour of a realistic fuel rod we estimate an overall heat transfer
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w w
coefficient h between 3000 —-=— (large gap) and 9000 ——(small gap). Solving eq. (2)

m K m K
gives

1.989815 4.713142 7.617708 n ,
ax = , a2 = , «3 = ,... (large gap)

and
FIG. 1. Solution ofEq. (6) for a large gap rod. Shown are the terms for n=l,2, 3 as

well as the complete solution.

2.250880 5.177253 8.142228 , „ ,a, = , a2 = , a3 = ,... (small gap).

2500

FIG. 1. Solution ofEq. (6) for a large gap rod. Shown are the terms for n = 1,2,3 as well as
the complete solution.

If h -»oo the solution is

kJ2(roan)
a )

(7)
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In this case an are the well known positive roots of J0(ro a) = 0 amounting to

2.404825 5.520078 8.653728
ax = , a2 = , a3 = ,...

ro ''o ro

These relations allow to study the problem. Fig. 1 shows that the terms n>\ are only
significant during the first 2-3 s of the shut-down transient. Therefore, Eq. (6) can be applied
to the fuel centre temperature at r = 0 and be simplified to

3{r = Q,t)*Scoo,+a0e~ (8)

where
P 1

T = -
A a, a a.2

(9)

may be considered as the time constant of this transient shut-down process. For our "typical"
fuel rod we obtain a time constant of 6.8 s for the large gap rod and 5.3 s for the small gap
rod.

Eq. (2) can be solved approximately for ax :

2,404825 1 _ ^ |

r0 { hro

which leads to

r (
cp pr0

5.8/1 1-

(11)

If —n i (vl) we may write Eq. (11) as
hr

CP

5.8/1
which is very similar to the solution

(12)

T« ^ - (13)
8A

 V J

given in Ref. [5]. For a lumped parameter model El-Wakil gives [6]:

2/?
(14)

Eq. (8) was used by Slovacek [7]. In his paper the principal dependencies of the time constant
x were evaluated. The important conclusion was that by determining the time constant
experimentally from shut-down experiments, many details of the fuel rod such as the
degradation of the thermal conductivity and/or the variation of the gap conductance (gap size)
with burn-up can be revealed.

We performed similar analyses for a set of WWER fuel configurations. The corresponding
results are compiled in annex 1.
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FIG. 2. Simplified power density vs. time evolution
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When considering a realistic power scram the source term q"'F{t) has to be taken into account
leading to non-zero expressions for &ln. We apply a simplified time evolution as illustrated
above which can be described by the following equations:

1—
F(t) = l-bt for 0 < t < ts where b = •

for t>ts (15)

Here q"Jp is the operational reactor power density prior to shutdown. The behaviour after the
completion of the scram is approximated by a constant power density q™ arising from the
decay heat.

For Q<t<t, the solution can be written as

and for t > t. it becomes

\-bt+-
aa:

J0(ran)\ (16)

\-
b(eaa"'' - 1 )

- 1 e~
aa

J0(raj\ (17)
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Hence, in addition to the exponential terms already existing from &ln a constant and a linear
term arises, the latter disappearing for t > ts. After summation of dl and 92 the total solution
can be expressed as follows:
For 0 < t < ts:

(18)

For ? > ts:

j x (ro an )($, - h'l) + 2kr0 J2 (r0 an
(19)

Equations (6), (7), (18) and (19) have been used to check the correct numerical treatment of
the thermal analysis of the TRANSURANUS code. Excellent agreement has been found in all
cases. Two examples are shown in Figs 3 and 4.

2.2. Fitting functions

For later comparison of experimental data to TRANSURANUS calculations we used the same
fitting procedure as described in [7], i.e. a sum of a constant and two exponential functions:

-9(0 - &coo, =A + Be~+Ce~* (20)

where 3(t)is the fuel centre temperature at time t after start of the shutdown and 3cool denotes
the coolant temperature. Expression (20) includes a total of five free parameters
systematically evaluated for all fits: The temperature constant A, the amplitudes B and C, and
the times r15r2 which are called major and minor time constants, respectively. The parameter
C and the minor time constant r2 summarize the sum of all terms arising from higher roots
an(n>l) in eq. (2). This assumption is justified by the rapidly decreasing amplitudes for the
higher terms (Fig. 2). The term of the minor time constant also includes the details of the
shutdown as given in equation (16) for 0 < t < ts.

hi order to confirm these conclusions a set of numerical experiments was performed applying
the TRANSURANUS code to the Halden reactor configuration TF-18-562 (cf. chapter 3.1)
with a short irradiation time of 2 hours. Under these conditions the influence of the time
evolution of the power density during the shutdown on the above mentioned fitting
parameters was analysed. The power density qm

d persisting after completion of the shutdown
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FIG. 3. Radial temperature distribution in the fuel at different times. Compared are the exact
solutions (6) and (7) with the numerical result of the TRANSURANUS code.

2500

Fig. 4. The centre line temperature of a fuel rod during shutdown. Compared are the exact
solutions (6) and (7) with the numerical result of the TRANSURANUS code.
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was assumed to be constant within the time interval from 0 to 20 s. Starting from parameters
typical for the real experiments (ts =ls, q"lq"p =6%, cf. (15)) both the level of the decay heat

and the scram duration were systematically varied in the TRANSURANUS input. TABLE I
shows a selection of the combinations investigated.

TABLE I. ANALYSIS OF THE INFLUENCE OF SHUTDOWN CONDITIONS ON THE
RESULTS OF THE TWO-EXPONENTIAL FIT

4
[s]

1
1

0.1
0.1

[%]

6
2
6
2

[s]

3.78 ±0.03
3.76 ±0.03
3.85 ±0.03
3.80 ±0.03

[s]

0.85 ± 0.02
0.85 ± 0.02
0.81 ±0.04
0.83 ± 0.04

A
[K]

34.7 ± 0.5
15.4 ±0.6
34.2 ±0.5
15.0 ±0.5

B
[K]

669 ±4
696 ±4
585 ±4
611 ±4

C
[K]

-169 ±4
-177 ±4
-82 ±4
-89 ±4

The behaviour of the calculated fuel centre temperature is shown in FIG. 5. Obviously the
duration of the scram has significant impact only in the first few seconds whereas the decay
heat determines the long-term behaviour represented by the fit parameter A. The analysis
confirms that both conditions have insignificantly low influence on the major time constant.
As expected from the closed-form solutions the influence of the scram on the minor time
constant 25 is small, too, and the term of the minor time constant persists although it is not
evident from FIG. 5. The clear difference between the curves for ts = l s and ^ = 0.1 s arises
from the different amplitudes of the higher terms of the infinite sum of exponentials.
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FIG. 5. Time evolution of difference between fuel centre temperature and coolant temperature for two
different durations of the scram ts and two different levels of decay heat (6% and 2% of the mean

operational power).

64



The previous considerations do not yet take into account the impact of the response time of
the temperature measurement (thermocouple) affected by heat transfer processes from the fuel
to the thermocouple, and leading to a delay of the signal. This can in a first approximation be
described by a time transformation making use of the time /' obeying t' = t-At. For any
infinite sum of exponential terms we obtain:

»=i »=i (21)

with d — a eT"

It is evident that this correction does not influence the time constants of the individual terms.
However, the strength factors or amplitudes «„ are enhanced and the smaller the individual
time constant the higher the impact on the corresponding amplitude. It is interesting to note
that a response time of 0.5 s causes an effect on the parameters B and C comparable to that of
the prolongation of the shutdown time from 0.1 s to 1 s.

The impact of the temperature measurement was further analysed by two different
approximations describing the heat transfer to the thermocouple. Several calculated centre
line temperatures were corrected in this way. Confirming the mathematical considerations
above it was found that the effect of the thermocouple is only included in the amplitude of the
second exponential. The major time constant r, - as obtained by the fitting - is not affected by
the thermocouple correction. Therefore, no corrections for the temperature response were
taken into account in all further analyses. For any evaluation of the experimental evidence
during a reactor scram the major time constant should be used as basic descriptor.

3. ANALYSIS OF EXPERIMENTAL DATA

3.1. Overview

hi order to draw further conclusions from the fuel temperature evolution during and after
reactor shutdown a detailed comparison of model calculations with experimental data is
required. Our present analysis is based on part of a compilation of shutdown experiments
performed at the OECD boiling water research reactor in Halden/Norway [7] where the fuel
centre temperatures from a total of 52 scrams (recorded since 1979) had been analysed. For
our investigation we selected experiments where only He was used as fill gas and according
to [7] the fuel temperature was permanently kept below the Vitanza threshold for fission gas
release. TABLE II lists the corresponding available basic fuel design data [8]. These
configurations were chosen to allow for an optimum study of the impact of the fuel design
although it is impossible to completely separate the influence of the individual parameters.

For discussing a general trend of the available experimental information [7] all major time
constants r, related to the experiments listed in TABLE II were compiled as function of
burnup. Because - apart from a linear function - the experimental data do not exhibit more
complex dependencies on the bumup they were fitted with a straight line and normalized to
xx(bu = 0). FIG. 6 shows a clear common trend of all data. It can be compared to the behaviour
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TABLE H. BASIC FUEL DESIGN DATA OF EXPERIMENTS USED CALCULATIONS
FOR COMPARISON WITH TRANSURANUS

Experiment
ID

TF-18-562
TF-2-552
TF-2-553.1
TF-2-567

Fuel
outer
radius
[mm]

5.295
4.045
5.2265
5.22

Fuel
inner
radius
[mm]

1.02
0.90
1.0
1.0

Radial
gap
size

[mm]

0.036
0.065
0.0995
0.115

Cladding
thickness

[mm]

0.80
0.64
0.81
0.79

He fill gas
pressure
[MPa]

0.1
1.0
0.5
0.5

2 j iu
initial

enrichment
[w/o]

3.95
3.5
4.45
4.023

of the correction factor for the major time constant when assuming constant heat flow from
fuel to coolant (cf. eq.(l 1)):

Tx(bu) hr

hr

(22)

Here ro represents the outer fuel radius, h the overall heat transfer coefficient between fuel and
coolant and A, the mean thermal conductivity of the fuel. For illustration in FIG. 6 a mean

for r0 = 5 mm). Thew w
value for hr0 = 2 0 — is used (corresponding to a value of h = 4000—;—

mK m'Krelated behaviour is compared to that for assuming infinite heat transfer leading to a simple
function of the inverse mean thermal conductivity. The trends are shown for a mean fuel
temperature of 900 K (dashed line) or 1000 K (full line) confirming that a realistic uncertainty
of the mean fuel temperature has only minor influence on the general behaviour. FIG. shows
that the fuel thermal conductivity clearly dominates the overall dependence of the major time
constant on the burnup.

3.2. TRANSURANUS analyses

For all fuel designs compiled in TABLE II calculations with the TRANSURANUS code were
performed. Standard coolant conditions typical for the OECD Halden reactor were assumed
involving a coolant pressure of 3.36 MPa and surface boiling according to the Jens-Lottes
relation.

The comparisons between the measured and calculated major time constants r; are given in
Fig. 7. Unexpectedly, there is a consistent under-prediction when TRANSURANUS standard
models are applied. This directly implies that the heat transfer during shutdown is
overestimated.

An attempt has been made to analyse the experimental result with a fictitious heat transfer
coefficient between fuel and cladding (also referred to as gap conductance hgap ) kept constant

over the complete irradiation time and during the shutdown. As illustrated in Fig. 7 a case-
dependent constant gap conductance is in principle able to explain the experiment.
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Calculations were performed with two different average linear heat rates (15 and 25 kW/m). It
is evident that the uncertainty of the local heat rate influences the fictitious value of hgap but

can not resolve the differences in the burnup dependencies.
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FIG. 6. Dependence of the major scram time constant zi on fuel average burnup, normalized
to T"0™ = 1 for zero burnup. The lines show the expected evolution of z"ormfollowing

equation (22) for an assumed mean fuel temperature of
900 K (dashed) and 1000 K (full).

Further details of heat transfer coefficients are shown in Fig. 8. It can be seen that the
calculated gap conductance lies — especially in the first seconds of the scram - significantly
above the fictitious constant value. However, the physics behind this assumption is unclear. A
limitation may arise from the theoretical assumption that the fuel fragments are described as
an axially symmetric, one-dimensional body which is still considered as one continuum.
Another hypothesis is that cracks in the fuel open during shutdown or new cracks are formed
deteriorating the thermal transport in the fuel.

A closer look at the experiments shows that the difference between measurement and
prediction by standard models gets smaller for larger gap sizes, hi the low-burnup region of
configuration TF-2-567 the behaviour of the fuel centre temperature can be satisfactorily
described. However, further conclusions are possible only if, in addition to the approach of
fitting time constants, calculated and measured temperatures will be compared directly.
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4. SUMMARY AND CONCLUSIONS

The following conclusions can be drawn:

1. The time evolution of the fuel centre temperature during reactor shutdown can be well
approximated by the sum of a constant and two exponential functions, where a major time
constant can be deduced from. It can be shown that the exponential term of the minor time
constant accounts for the influence of shutdown duration (scram time) and measurement
response time. The exponential term containing the major time constant reveals details of
the fuel rod, averaged over the scram time.

2. TRANSURANUS calculations are in excellent agreement with closed-form solutions for
simplified cases.

3. Experimentally found dependencies of the major time constant on the burnup are basically
linear and can, for a given linear heat rate, be reproduced by TRANSURANUS model
calculations using a constant heat transfer coefficient between fuel and cladding. Standard
models applied within the TRANSURANUS system for calculating the heat transfer lead
to a clear under-estimation of the measured major time constants.

4. More detailed direct comparisons between measured and calculated temperatures have to
be made in order to resolve the obvious discrepancy between experiment and the
predictions obtained with the standard models. These analyses must be based on the
detailed rod design and irradiation history.
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Annex 1

DEPENDENCE OF THE TIME CONSTANT ON DIFFERENT DESIGN AND
OPERATIONAL PARAMETERS OF WWER FUEL

1. CALCULATION OF THE TIME CONSTANT x

The present section considers the problem of the time constants in the case of WWER - Russian
fuel and cladding material, power history, core design and operational conditions for rod 126 of fuel
assembly FA-198, irradiated for 4 years at the Kola NPP, Russia. Experimental data for the
temperature decrease after a scram are not available, for which reason only the trends of the different
dependencies are considered.

After the reactor is shut down, the decay heat has been accounted for only by its Npr component
(absorption of P- and y-emission of the fragments and their decay products). According to [9], during
the first second after reactor is shut down, N^ = 0.065A^0, (i.e. initial value of the decay heat is

6.5% of No). No is the power at the steady state before the transient. Then, in the time interval of Is <t
<100 s, Nfjy follows the approximation [9]:

Nfr = 0.1JVO [(/ +10)~02 - 0.03J, t is the time after t0 = ttrans (transient onset).

This approximation of Npr is taken as power history after ttrans and TRANSURANUS
calculates the fuel central temperature up to t= 100 s. The temperature decreases exponentially, so it is
fitted by the expression

& = a + bexp(-t/r)

where a is the coolant temperature 3C00] and b is: 3(t=0) - 3Cooh Coolant geometry and mass flow rate
have been accounted for.

2. DEPENDENCE OF x ON GAP SIZE, LINEAR HEAT RATE (LHR), BURNUP, AND OUTER
DIAMETER

The gap size Sj has been varied by changing the fuel outer diameter from 7.70 to 7.40 mm. (The
external diameter of the FA-198 fuel pellet is 7.56 mm). The internal cladding diameter is 7.755 mm.
The linear heat rate (LHR or q') is set to a constant of 15 W/mm. The transient starts at 720 s after the
beginning of operation when the burnup is still 0 MWd/tU. Strong influence from the gap size was
found. The results are shown in Fig. 1-1. In a similar way the dependence of the time constant on the
outer fuel diameter was analysed using the following parameters: Initial gap = 0.2 mm, cladding
thickness = 0.8 mm; LHR = 15 W/mm, ttrans = 43.2 s. Results are summarized in Fig. 1-2.

To study the dependence of the time constant on the LHR, its value has been set to a constant
for different runs. The transient starts again at 720 s after the beginning of operation. As expected, the
LHR has a much smaller effect on the time constant, see the results in Fig. 1-3. For investigating the
intrinsic dependence on the burnup the following approach was chosen: some random value of the gap
at ttrans was fixed (preliminary and occasionally chosen) - at 0.02 mm, after which the initial gap was
varied. The LHR has been set to a constant of 15 W/mm. Apparently, the fixed gap of 0.02 mm will be
reached at different times of the irradiation history (at different burnup). The bigger the initial gap is,
the later (at higher burnup) the fixed gap of 0.02 mm will be reached. Then transients were simulated
at these different burnups and the result for one and the same slice is shown in Fig. 1-4.

It should be noted that all predictions of TRANSURANUS excellently agree with the theoretical
expectations for the dependencies on different parameters as gap, LHR, and burnup. The next step
should be a comparison of experimental temperatures with those calculated by TRANSURANUS.
This will be possible as soon as Russian experimental transient data become available.
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Burnup = 0, LHR = 15 W/mm, ttrans = 720 s

Diametral gap Sd (mm)

FIG. 1-1. Calculated time constants (&Cooi ~ 296° C) as function of gap size.

Initial Gap = 0.2 mm, QaddingThickness = 0.8 mm, Burnup = 0, LHR = 15 W/mm

8

T = +0.0315d2.+0.191d +0.0133

4 6 8 10 12

Fuel outer diameter d ^ (mm)

FIG. 1-2. Calculated time constants as function of fuel outer diameter.
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Burnup = 0, Diametral Gap = 0.195 mm, ttrans = 720 s

4.0 i . •

= +0.00122*LHR+3.16
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FIG. 1-3. Calculated time constants as function of linear heat rate.

Different initial gap, Final gap at ttrans 20 \xm, LHR= 15W/mm,

x = +9.25E-6*Bu +2.43
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FIG. 1-4. Calculated time constants as function ofburnup.
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