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POWER DEPOSITION DISTRIBUTION IN LIQUID LEAD COOLED FISSION
REACTORS AND EFFECTS ON THE REACTOR THERMAL BEHAVIOUR

Riassunto
Nell'ambito dello studio di un ADS (Accelerator Driven System, un reattore refrigerato per
mezzo di una lega di piombo-bismuto) per mezzo di calcoli Monte Carlo sono stati valutati
i contributi di deposizione di potenza nei materiali fissile, strutturale e refrigerante;
ottenendo che il contributo della potenza depositata nel refrigerante è pari al quattro per
cento circa del totale. Allo scopo di meglio approfondire questo effetto, sono stati effettuati
ulteriori calcoli in relazione a reattori refrigerati ad acqua e a sodio; i risultati mostrano
come, in questi casi, la deposizione di potenza nel refrigerante sia decisamente inferiore,
dell'ordine di un per cento circa. Sulla base di tali risultati, è stata avviata un'analisi di
carattere termoidraulico avente lo scopo di verificare l'effetto di questo fenomeno sulla
distribuzione di temperatura negli elementi di combustibile. L'effetto principale di una
sensibile frazione di energia depositata nel refrigerante risulta esse la diminuzione della
temperatura nelle pastiglie di combustibile. Di conseguenza, il tener conto di questo effetto
aumenta le possibilità di ottimizzazione del sistema a disposizione del progettista.

Abstract
In the framework of an ADS study (Accelerator Driven System, a reactor cooled by a lead-
bismuth alloy) the distribution of the deposited energy between the fuel, coolant and
structural materials was evaluated by means of Monte Carlo calculations. The energy
deposition in the coolant turned out to be about four percent of the total deposited energy.
In order to study this effect, further calculations were performed on water and sodium
cooled reactors. Such an analysis showed, for both coolant materials, a much lower heat
deposition, about one percent.
Based on such results, a thermohydraulic analysis was performed in order to verify the
effect of this phenomenon on the fuel assembly temperature distribution. The main effect of
a significant fraction of energy deposition in the coolant is concerned with the decrease of
the fuel pellet temperature. As a consequence, taking into account this effect allows to
increase the possiblities of optimization at the disposal of the designer.
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1. Introduction

In the last few years, liquid lead (pure or as alloy) has become of interest in the West as a
coolant medium for fission reactors III. The introduction of this metal in the reactor core leads
to some differences with respect to the coolant materials generally used up to now in western
reactors.
By looking at the codes performing the thermal hydraulic analysis of fission reactor fuel
elements (see for example the codes in the references 12,3,41), we find that the power is
assumed to be completely generated inside the fuel pellet, i.e. no heat is assumed to be
deposited in the structural material (clad and wrapper tube, if there is any) and in the coolant.
This assumption is usually quantitatively almost correct. In order to investigate this, let us
firstly consider the subdivision of the fission energy for one of the most common fissile
isotopes: uranium 235. In table 1 data taken from two different sources, substantially in
agreement with each other, are shown.

Kinetic energy of fission fragments
Prompt y-rays
Kinetic energy of fission neutrons
Fission-product decay y

3
Neutrinos

Total

Ref.

MeV
167±5
6+1
5

6±1
8.0+1.5
12.0±2.5
204+7

151

%
81.86
2.94
2.45
2.94
3.92
5.88
100

Ref. /6/

MeV
166.2±1.3
8.0±0.8
4.8+0.1
7.2+1.1
7.0±0.3
9.6+0.5

202.8±4.1

%
81.95
3.94
2.37
3.55
3.45
4.73
100

Tab. 1 Energy from an average fission in U235.

In a nuclear chain reaction the maximum available energy per fission is about 192 MeV, that
is, the total energy minus the neutrino energy. However, the capture of neutrons in the reactor,
particularly the (n,y) process, produces additional energy which brings the total available
energy back to about 204 MeV.
The energy generated by the fission is basically linked to the kinetic energy associated with
the particles produced by the fission itself or by the decay of the fission products. The slowing
down of the particles and their capture transfer the kinetic energy in the form of heat to the
reactor environment (fuel, coolant and structural material). In order to identify the reactor
zones where the different particles deposit their energy, as a first approximation let us neglect
the neutrino energy: due to the characteristics of such particles, their energy is lost with
respect to the reactor context.
Most of the fission energy is in the form of the kinetic energy of the fission products. Due to
the fact that the fission products can cover a distance of a few microns, they will mainly
remain inside the fuel pellet (having a diameter of about 10 millimetre). Accordingly, they
will heat the fuel material.
Also the electrons, stopped after about one millimetre, will mainly remain inside the pellet



and heat it.
The situation is different for neutrons and gamma's: they have a mean free path of some
centimetres and will therefore go out from the fuel pellet by crossing both cladding and
coolant. Their energy will then be deposited in any core component (fuel pellets, coolant,
structurals, absorbers) in proportional to the cross sections of such materials. The amount of
the energy in play is not small (about 9% from table 1) but, as already mentioned, up to now it
was assumed to be negligible, i.e. considered as generated inside the fuel.
In the framework of an ADS (Accelerator Driven System) design, some calculations
concerning the energy deposition in the reactor core were performed at ENEA-SIEC 111. From
such calculations it resulted that a non-negligible part of the fission energy is deposited in the
coolant.
The objectives of this work were : 1) the accurate evaluation of the partition of the fission
generated energy deposition between fuel, structural and coolant materials and a comparison
between different coolants; 2) the definition of the impact of such an effect on the reactor
thermal-hydraulic design.



2. Heat deposition in fuel, structural and coolant materials

Unlike a standard fission reactor, the ADS (Accelerator Driven System /If) consists of a
subcriticai fuel core; the required power is then reached by using an external source.
This source consists of an accelerator bombarding a suitable target with high energy protons
where the proton-neutron reaction is induced.
The modelling of such a system requires a very fine description of the radiation transport,
from the proton source to the neutron diffusion at typical reactor energies.
Until now such an analysis has been usually performed by means of Monte Carlo codes. The
main reason is that Monte Carlo is the only method able to treat high energy particle transport
(protons and neutrons above the energy of 20 MeV and even pions and kaons if the energy
available is sufficient). The Monte Carlo modelling is usually employed also for the transport
of neutrons below 20 MeV, although in this energy range for critical configurations, also
deterministic methods are used.
In this work the energy deposition inside the core of the ADS system has been evaluated by
means of the MCNPX (version 2.1.5) Monte Carlo transport code. In particular, the
distribution of the energy deposition between fuel, structural materials and coolant has been
evaluated. Basing on the obtained results, in order to further investigate the observed effects,
also other systems (a sodium cooled core and a water cooled one) were analysed. The last one
(the W E R ) being a critical system, for its analysis the standard MCNP4B code was used.
In the following, after a short discussion of the codes used, the different systems taken into
account will be described and the main results will be presented.

2.1 The MCNP4B and MCNPX Monte Carlo codes

The MCNP4B code /8/ is a general-purpose, continuous-energy, generalised-geometry,
coupled neutron/photon/electron Monte Carlo transport code, which allows the transport of
reactor energy neutrons (below 20 MeV). This code has been used in the calculations
presented in Section 2.4 concerning the W E R model.
MCNPX 191 represents an extension of the MCNP code, allowing the treatment of an
increased number of particles in a wider range of energies. MCNPX version 2.1.5 was
developed by integrating the MCNP4B code with the LAHET code, version 2.8 /10/, suitable
for the high-energy region. For the simulations of the ADS system, the MCNPX code was
employed both for the high-energy particle transport (protons and neutrons) and for the
reactor energy neutron transport below 20 MeV. This code offers three choices of intranuclear
cascade model, the Bertini, Isabel and the new CEM (Cascade-Exciton-Model); for the
present calculations the Bertini model was employed, together with the pre-equilibrium model
to describe the physics of the nuclear interaction.
All the calculations were «analogue» in the sense that no variance reduction technique was
employed. Statistical errors in MCNP represent ± 1 fractional standard deviation. With the
assumption of normal statistics and of sampling the actual problem, this represents a 67%
confidence interval.
The nuclear data mainly used are based on the library ENDF-B/6 /11/. In particular, a set of



neutron cross-section libraries at a variety of temperatures (with data up to 20 MeV) was
employed: the standard public library «ENDF60» (evaluated at 300 K) which is in general
distribution with MCNP4B and some other libraries produced at 500, 560, 800, 1000 K at the
ENEA Centre of Bologna /12/.

2.2 Lead/Bismuth Cooling: the ADS model

As mentioned before, in an ADS system a proton beam impinges on a suitable target. The
target structure is surrounded by the fuel subassemblies of the reactor core.
A schematic representation of such a system is shown in Fig. 1.

vacuum tube

-Core

lead/bismuth
coolant

vessel

Fig. 1 Vertical section of the ADS system /13/.

In the ADS model under study in ENEA /13/, the target structure consists of a series of
cylindrical tubes, the target material being a lead/bismuth alloy .
The fuel subassembly is an array of pins wrapped by an hexagonal box. The fuel is in the
form of cylindrical pellets inserted in a stainless steel cladding. The space between the pins is
filled by the coolant material, flowing upward parallel to the pins. The coolant consists of the



same alloy as used in the target, i.e. liquid lead/bismuth.
The fuel subassemblies are then grouped together in an hexagonal disposition to form the
Active Zone of the reactor core. Some dummy subassemblies and absorbers are placed around
the Active Zone. The whole core is supported by a grid and located inside a stainless steel
vessel.
In order to perform the Monte Carlo simulations, the following geometrical model has been
employed. The geometry of the fuel subassemblies was assumed heterogeneous as shown in
Fig. 2.

duct outer coolant

Elementary Cell

Fig. 2 Cross section of the fuel subassembly.

The elementary calculation cell consists of a pin (fuel pellet and cladding) and the coolant
region surrounding the pin itself. Also the subassembly wrapper tube and the surrounding
coolant are taken into account. This detailed description thus allows to distinguish the energy
deposition between fuel, cladding arid coolant.
The dummy subassemblies and the absorbers are described using an homogeneous model.
The calculational model also includes a detailed description of the reactor structures: the



target assembly, the supporting grids, the reactor vessel, etc.
The MCNPX calculation modelled the whole system described above and the analysis was
concentrated on the most and the least powerful subassemblies of the core. The energy
depositions only in ten elementary cells located on a corner-to-corner row (Fig. 2) were
considered in order to simplify the analysis.
The results obtained are expressed in terms of energy deposition in the fuel, cladding and
coolant. A further subdivision concerned the neutron and gamma (< 20 MeV) contributions.
The neutron and gamma components were finally summed to give a single result.
The obtained results, averaged over the analysed elementary cells, are shown in table 2
(concerning the most powerful fuel subassembly) and in table 3, concerning the least
powerful one. In these tables for each material (fuel, cladding and coolant) the first column
gives the energy deposited as a percentage of the total energy; the second column shows the
standard deviation in the same units; finally the last column gives the percentage of the value
of column two with respect to that of column one, that is the fractional error. The low values
of the standard deviation indicate that the situation of the examined cells is quite uniform
inside the subassembly; the comparison between tables 2 and 3 shows that the observed
behaviour is similar in the whole core. This result is confirmed by a more detailed analysis
performed in 111.
From the tables it is evident that a non-negligible amount of the fission energy is deposited in
the coolant medium: in both cases (coldest and hottest element) the average energy deposited
in the coolant is about 4% of the total energy deposited in the whole subassembly.

Fuel
Cladding
Coolant

Average Value

95.60
0.38
4.02

Standard
deviation

0.45
0.03
0.42

Fractional Error
(%)

0.47
7.89
10.45

Tab. 2 Energy deposition distribution in the most powerful subassembly of a lead-bismuth
cooled reactor.

Fuel
Cladding
Coolant

Average Value

95.56
0.38
4.06

Standard
deviation

0.47
0.04
0.44

Fractional Error
(%)

0.49
9.47
10.84

Tab. 3 Energy deposition distribution in the lowest powerful subassembly of a lead-bismuth
cooled reactor.



2.3 Sodium Cooling

In order to further investigate this effect, a comparison with systems cooled by different
substances was performed. As a first comparison, sodium (a typical fast reactor cooling
medium) was chosen. For this analysis, the same geometry and operating conditions used in
the previous case were adopted: the lead/bismuth alloy was simply substituted by sodium. The
MCNPX calculation was then performed with the same above features.
The results are shown in table 4, formally identical to the tables 2 and 3. From this table it
appears that the average energy deposited in sodium is about 0.73%, i.e. much smaller than in
the lead/bismuth case.

Fuel
Cladding
Coolant

Average Value
(%)

98.45
0.82
0.73

Standard
deviation

0.04
0.01
0.01

Fractional Error
(%)

0.04
1.22
1.37

Tab. 4 Energy deposition distribution in a sodium cooled reactor.

2.4 Water Cooling: the VVER model

For a further comparison, a water cooled reactor was analysed. For this purpose the Russian
W E R reactor was chosen. The VVER is a LWR (Light Water Reactor), fuelled by UO2,
cooled and moderated by water. It is presently studied in ENEA-SIEC in the framework of the
AIDA-MOX project HAI. The purpose of this program is the civil use of Weapon Graded
Plutonium coming from the dismantled nuclear weapons.
One of the reasons for choosing this reactor for the present analysis is that the W E R has a
hexagonal subassembly, differently from the standard Western LWR and similarly to the
systems analysed above.
The model chosen for this analysis consists of a hexagonal box containing 331 hexagonal
cells (Fig. 3). Except for the central tube and the 18 guide tubes, all the other cells consist of
the fuel pellet surrounded by the cladding (made of a zircon alloy) and the moderator.
In this case, the MCNP4B code has been used to calculate the energy deposition in fuel,
cladding and coolant materials in each of the nine fuel pins located on a core radius.
The calculation results are presented in table 5. The amount of energy deposited outside the
fuel material is about 0.7% in the cladding and 1.4% in the coolant. This result is halfway
between the lead/bismuth and sodium cases.



Fuel
Cladding
Coolant

Average Value
(%)

97.79
0.69
1.41

Standard deviation

0.10
0.02
0.06

Fractional Error
(%)

0.10
2.9
4.3

Tab. 5 Energy deposition distribution in a water cooled reactor

Fuel Pin

Fig. 3 Cross section of the W E R fuel element.



2.5 Summary and discussion of the results

The results obtained for the different coolant materials are summarised in table 6 in order to
make a rough evaluation of their consequences. In this table, in order to explain the different
energy releases, the gamma and the neutron contributions to energy deposition have been
subdivided and some quantities of interest have been reported.

Coolant
Mass density (g/cm3)
Atomic density (1024 atom/cm3)
Energy deposition in the coolant (%)
Gamma energy deposition (%)

Neutron energy deposition (%)

Prompt y-rays
(average energy: 1
MeV)

Fission neutrons
(reference energy:
0.5 MeV)

u/p (10"2 cm2/g)
u (cm"1)
A, (cm)

<rt (barn)
Zt (cm"1)

k
£•2 (cm'1)

1st geometrical
model

Pb/Bi
10.52

0.03047
4.06
3.92

0.08
7.16
0.75
1.33

~5
0.1523
0.0096
0.0015

Na
0.97

0.02537
0.73
0.51
0.22
6.10
0.06
16.90

-2.5
0.0635
0.0845
0.0054

2nd geometrical
model
H2O

1
0.03346

1.41
0.32

1.09
7.07
0.07
14.14

~5
0.1673
0.1070
0.0179

Tab. 6 Summary of the main results.

Table 6 provides the following parameters:

• the mass density;
• the atomic density;
• the energy deposition in the coolants (as resulting from the tables 2 to 5): the fraction due

to the gamma's and the fraction due to the neutrons;
. the mass attenuation coefficients (u/p),

the linear attenuation coefficients (u)
and the mean free path (X) for 1 MeV fission gamma rays;

• the total microscopic neutron cross sections (ort),
the macroscopic neutron cross sections (Et),
the logarithmic energy decrement (£)
and the slowing-down power (£•£) for 0.5 MeV neutrons.

The reference energies adopted for gamma's and neutrons were chosen as suggested by /16/
and 717/ respectively: the average energy of prompt gamma-rays is assumed to be 1 MeV; the



energy spectrum of fission neutrons shows that most of the prompt fission neutrons have
energies less than 1 MeV, so a reference neutron energy of 0.5 MeV has been assumed. The
use of these reference energies allows a comprehensive view of the processes that come into
play.
Furthermore, both for neutrons and gammas the total cross sections have been considered,
rather than the individual contributions from the main neutron/gamma interactions. In
particular, the total neutron cross section is mainly composed of the elastic one for all the
three coolants.
The data concerning the (a/p for the materials of interest were taken from reference /15/ and
are tabulated and plotted in Appendix A. As regards the lead/bismuth ja/p, it has been
calculated by summing the fa/p of lead and the bismuth one, each previously multiplied by the
respective mass fraction. The values of |a have been obtained for each coolant from their
respective (i/p, multiplied by the mass density.
The o t data for the same materials were taken from reference /11/ and are plotted in Appendix
B. The values of E have been deduced from their respective at, multiplied by the atomic
density.
The logarithmic energy decrement (%) is the average neutron-energy loss per elastic collision
and it is given by the expression /18/:

where a is given by:

where A is the mass number of the nucleus with which the neutron collides.
Under simplified conditions, the slowing-down power (^-Ss) is equal to the average neutron-
energy loss per centimetre of track length. In the strict sense, in order to obtain the slowing-
down power, the logarithmic energy decrement should be multiplied by the elastic cross
section, but here we consider the total cross section, as mentioned above.
It has to be pointed out that the data of table 6 are referred to three different coolants but to
only two geometrical models.
As mentioned before, the highest amount of energy (4%) is deposited in the lead/bismuth
alloy. This energy is mainly due to the gamma's and, in its turn, the very high gamma
deposition is linked to the high linear attenuation coefficient: for lead/bismuth the \x is one
order of magnitude greater than the one in sodium or water.
On the contrary, the energy deposited in water (1.4%) is mainly due to the neutrons. In fact,
water is a typical moderator, that is it has a high neutron elastic scattering cross section: as
shown in table 6, the neutron total cross section of water is the highest of the three materials.
With respect to sodium, the energy deposition is the smallest: this is due to the fact that both
the linear attenuation coefficient and the macroscopic neutron cross section are the smallest.
Concerning the neutron energy deposition in lead/bismuth and in sodium, if only the cross
sections are considered, some discrepancies can be noted between the respective calculated
values of energy deposition and the neutron cross sections. These discrepancies can be
resolved by looking at the respective slowing-down powers (%-2). In respect of the gamma

10



energy deposition in sodium and in water, a slight discrepancy can be noted between the
respective calculated values of energy deposition and the linear attenuation coefficients, due
to the different geometrical model.
Finally, in spite of the two different geometrical models and of the rough evaluation of the
neutron cross section in the energy region of interest, the calculated energy depositions seem
to be in good agreement with the expected values according to the above parameters.

11



3. Effect on the subassembly thermal hydraulic behaviour

As mentioned before, the possibility of having some heat generation outside the fuel pellet is
usually not taken into account in the computer codes developed for the thermal-hydraulic
analysis of the fuel subassembly 12,3,41.
In order to evaluate the effects of such a phenomenon, let us firstly start with a theoretical
analysis of the heat transfer mechanism in a fuel subassembly. This will allow a first
evaluation of such effects and will show how to improve the computer codes.
In a following step, a quantitative evaluation of the heat deposition inside the coolant will be
performed by means of the computer code ANTEO IAl, the ENEA reference code for fuel
subassembly thermal-hydraulic design. This analysis will be concerned with the case of the
ADS subassembly, presently under study at ENEA.

3.1 Problem definition and preliminary evaluations

In order to analyse the effect of the heat deposition outside the fuel pellet, let us consider the
sketches shown in the following figures 4 and 5.

Fig. 4
Temperature profile in the pin

Heat deposited only in the fuel pellet

Fig. 5
Temperature profile in the pin

Heat deposited also in clad and coolant

A fuel pin usually consists of the fuel pellet (of radius s in the figures) and the cladding (of
thickness c). Actually, at the beginning of the pin life, some gap is normally existing between

12



the pellet and the clad; but after a short irradiation time, the gap width is reduced to a very
low amount and, accordingly, it is usually neglected in the thermal calculation. For this
reason, no gap is represented in the figures 4 and 5; but the following analysis will
qualitatively hold true even if some gap is present. In such condition, we will take as
reference four temperatures: the one at pellet centre tm, the internal and external clad surface
temperatures, tg and tc, and finally the coolant bulk (average) one tf.
If all the power is generated in the fuel pellet, the temperature profile will be that of figure 4:
a parabola in the pellet itself (Fourier equation in a generating cylinder) and a straight line in
the cladding (Fourier equation in a non-generating hollow cylinder). The temperature profile
in the coolant is only qualitatively shown in figure 4: in the case of laminar flow it will
namely be a parabola, in the case of turbulent flow it will in principle follow a logarithmic
profile, similar to the Prandtl-Nikuradse /20/ one for circular tubes.
Figure 4 is taken from an old reference I 111, when the power generation was assumed to be
concentrated in the pellet.
When part of the power is also deposited in the cladding and the coolant, the temperature
distribution becomes that represented in figure 5 with a broken line: for the same total heat
deposition, the maximum temperature in the pellet is lower, because part of the power is now
deposited in clad and coolant; for the same reason, also the pellet temperature span (tm-ts) is
lower.
The temperature profile in the cladding also becomes a parabola (Fourier law in a generating
hollow cylinder) but generally the clad temperatures are also less, because of the part of heat
deposited in the coolant.
Like the heat generation in the fluid, the coolant temperature profile is also changed, but the
bulk (average) temperature remains the same, due to the assumption that the total power is
unchanged.
In order to analyse the effect of such temperature changes, let us start with the coolant.
The change in the coolant thermal profile does surely influence the coolant temperature
distribution: an effect of this type was identified in for example /19/. In that case, the system
was constituted of a Gas Cooled Fast Breeder Reactor (GCFBR), having a high power
density. Due to that and to the poor thermal properties of the gaseous coolant (helium), the
temperature difference between pin wall and coolant bulk was very high. As a consequence,
in order to determine the coolant velocity distribution, it was necessary to take into account
also the coolant temperature profile.
Some analyses performed in /191, devoted to the investigation of the radiative heat transfer
from the pin surface, indicated that the radiation effect was small but that it was strongly
amplified by the influence of the wall temperature on the coolant behaviour. The consequent
changes in the subassembly thermal behaviour were not large but still appreciable.
But this was a very particular case, induced by the high power density and by the gaseous
coolant: with liquid coolants and a lower power density, the effect of a few percent of energy
deposition outside the pellet is surely negligible with respect to the coolant behaviour or, at
least, within the usual calculation uncertainty. As a consequence, we are expecting that the
coolant behaviour will not be influenced by some heat deposition in the coolant itself.
The situation is different for cladding and fuel, whose temperature is a direct function of the
energy deposition. Inside the fuel pellet, the variation of the centre-to-surface temperature
span can be described by the integrated form of the Fourier equation:

13



tm - ts = PD S2 / n X

where s is the pellet radius and X the fuel thermal conductivity. From this equation it results
that, in the pellet, the maximum temperature span goes linearly with the power density PD. It
has to be pointed out that the last statement is not completely true: the thermal conductivity
also depends on the temperature. This effect will be discussed later: for the moment, let us
assume that the pellet temperature span is linearly dependant on the power density.
For the cladding, the introduction of the heat deposition leads to the change of the profile
from linear to parabolic. But for the order of change that we are considering (1 %), the
quantitative effect on the (ts-tc) temperature span can surely be considered as linear. Again,
this holds true only if the thermal conductivity dependence on temperature is neglected. A
further simplification can then be introduced by assuming that the heat deposition in the
cladding is smaller than that in the coolant: it then becomes possible to consider only the
power deposition in fuel and in coolant, neglecting the deposition in the cladding.
In conclusion, the effect on the temperatures of the heat deposition in the coolant is negligible
with respect to the coolant itself and is linear with respect to the cladding and fuel
temperatures. As a consequence, it becomes possible to evaluate the effect this way: defining
tm, ts and tc as the temperatures referred to the situation where all power is generated inside the
pin, if a fraction F of the heat is deposited in the coolant, the corresponding maximum fuel
pellet temperature tm* can be written as:

tm* = tf + (tc-tf) * (1-F) + (ts-tc) * (1-F) + (tm-ts) X (1-F)

tm* = tf+(tm-tf)*(l-F)

the factors F being given in table 4 for sodium and in table 5 for water.
This very simple formula allows a quick evaluation of the effect of some heat deposition in
the coolant. This type of evaluation was performed for some reactors of the past, whose data
were found in reference /III; the results obtained are shown in table 7.

Plant

Dresden
Shippingport
Enrico Fermi

type

BWR
PWR
FR

coolant

water
water

Na

fuel

UO2
U

U alloy

Tmax coolant

284
281
427

Tmax fuel

1534
370
668

Tmax fuel *

1516
369
666

Tab. 7
Effect of a reduction in the energy deposited in the fuel

for some reactors of the past. Data from /I II.
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As seen from the table, the effect is not completely negligible only for the Dresden case, due
to the very high temperature of the oxide fuel; but even in this case, it is small if compared
with the actual temperature span. Based on these conclusions we can understand clearly the
reason for neglecting in the past the heat generation outside the pellet: the effect is usually
negligible and to neglect it leads to a safer design of the reactor.
But in the case of lead cooled reactors, as seen from the tables 2 and 3, the factor F is about
4%: again to neglect this effect leads to a safer design, but it is surely worthwhile at least to
evaluate it.
It was therefore decided to use a better tool than the simple formula shown previously also in
order to take into account the effect of the temperature on thermal conductivity (of both fuel
and cladding).

3.2 ANTEO analysis of the ADS subassembly

The detailed thermal-hydraulic analysis of the ADS subassembly was performed by means of
the computer code ANTEO 141, a tool developed at ENEA and used there for reactor core
design purposes.
ANTEO is a steady state thermal-hydraulic code allowing for the 3D analysis of a reactor
bundle-shaped subassembly. By extending the analysis to a number of subassemblies, the
detailed reactor core analysis can be then performed. ANTEO is based on the subchannel
model and takes into account all the main thermal-hydraulic bundle phenomena (3D power
profile in the bundle, grid spacer effect on the pressure loss and on the flow distribution inside
the bundle, turbulent mixing among subchannels, etc.). ANTEO is a PC oriented code and
was developed at ENEA based on the models used and tested in the past for the design of
Liquid Metal Fast Breeder Reactor cores. This code gives accurate values for the subassembly
pressure drop, the coolant velocity and temperature distribution at subchannel level and the
clad temperature corresponding to each subchannel. ANTEO is also equipped with models for
the heat transfer inside the pin clad, gap and fuel pellet. Such models solve the Fourier
equation by means of a numerical approach (Control Volume Method /191) and are then able
to take into account the dependence of the temperature on the thermal conductivity.
At present, the ANTEO code is used for performing the thermal hydraulic design of the ADS
system described in 2.2. For this purpose, the code was implemented by means of a set of
subroutines describing the physical properties of lead-bismuth; such models were based on
the relationships presented in the reference /21/.
In order to take into account the direct coolant heating, the code was modified in the
following way. The starting point was the analysis of the power distribution performed in 111
and presented here in tables 2 and 3. In more detail, the power deposition in the coolant across
the subassembly is shown in the following figures 6 and 7, for the hottest and the coldest core
subassembly respectively.
From these figures, it appears that the fraction of power deposited in the coolant depends on
the position inside the subassembly: the deposition corresponding to the central pins is higher
with respect to the peripheral ones.
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As seen in figure 8, where the profiles have been superposed, the distributions are quite
similar: by taking into account the calculational uncertainty, the differences will probably
disappear. On the contrary, the difference between the central and peripheral pins looks to be
an actual effect and not due to some calculation uncertainty.
For these reasons, both the ideas to introduce into ANTEO a correction factor F for each pin
or a unique correction factor for the whole bundle (see the average shown in the figure 9)
were rejected. The use of an overdetailed distribution is probably meaningless, whereas an
average for the peripheral pins would lead to an underestimation of the pin temperatures.
As a consequence, ANTEO was modified to take into account one correction factor for the
central pins and a second one for the peripheral ones. Based on figures 6 and 7, in the present
calculations such factors were assumed to be as 4% and 3% respectively. For the moment, the
heat deposition in the cladding was neglected. Two calculations were then performed, the first
one by assuming the whole power generated inside the pin; the second one by considering the
energy deposition in the coolant. Obviously, in both cases the total heat reaching the coolant
was the same. The results obtained are shown in table 8.

Axial level
Coolant bulk temperature
External clad temperature
Average clad temperature
Internal clad temperature
Pellet surface temperature
Pellet centre temperature

Unit

Mm
°C
°C
°C
°C
°C
°C

without
energy

deposition in
the coolant

522
379
401
407
413
653
821

with
energy

deposition in
the coolant

522
379
400
406
412
642
801

Table 8
ANTEO calculations: thermal effect of the energy deposition in the coolant

In order to identify the maximum effect of the investigated phenomenon, the results shown in
the table are referred to an internal pin, i.e. to a cell having 4% of the energy deposited in the
coolant.
The comparison is then performed at the axial level where the maximum pellet temperature
occurs: the calculations show that, in both cases, this axial level is the same. The high
temperature span between the cladding and the fuel pellet is due to the fact that the
calculations are referred to the Beginning Of Cycle conditions and therefore the gap was
assumed to be open and filled with an inert gas.
The results shown in the table agree very well with the simplified analyses performed above.
The coolant maximum temperature does not change, as always assumed up till now for liquid
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coolant. Also the effect on the cladding structure, about 1°C, is quite negligible. With respect
to the pellet temperature change, the difference turns out to be 20 °C, a value not large but
appreciable.
It is interesting to point out that the value of the fuel centre temperature computed by means
of the proportional model is equal to 804 °C, very close to the ANTEO value of 801 °C. The
difference is due to the above-mentioned fact that the ANTEO model takes into account the
temperature dependence of the fuel thermal conductivity, whereas proportionality calculations
cannot consider it. Three degrees centigrade are certainly a small value: but by comparison
with the whole effect of 20 °C, they represent 15% of the total, just due to the temperature
effect on the thermal conductivity.

4. Conclusions

In the framework of an ADS design, some Monte Carlo calculations concerning the energy
deposition in the reactor core were performed at ENEA-SIEC. The results showed that a
significant part of the fission energy is deposited in the coolant (liquid lead/bismuth): in
particular, in both the coldest and the hottest elements the average energy deposited in the
coolant is about 4% of the total energy deposited in the whole subassembly. In order to
analyse such an effect, it was decided to perform a comparison with systems cooled by
different materials: sodium and water. In the sodium case the same geometry and operating
conditions used in the previous one were adopted: the lead/bismuth alloy was simply
substituted by sodium. In the water case, a LWR cooled and moderated by water was chosen.
The calculated average energy deposition is about 0.73% in sodium and 1.4% in water. Both
these results are much smaller than in the lead/bismuth case.
Qualitative analyses of these results have been performed and, with the two different
geometrical models (the ADS model and the W E R one) and in spite of the rough evaluation
of the neutron cross section in the energy region of interest, confirm the quantitative Monte
Carlo results.
With respect to the thermal-hydraulic behaviour, the heat deposition in the coolant does not
influence the coolant bulk temperature. Different is the situation inside the fuel pellet:
explicitly taking into account the heat deposited in the coolant leads to a lower deposition in
the pellet and a consequent decrease in the pellet temperature.
As a consequence, to neglect this effect leads to a safer design of the reactor core. At the same
time, to consider it can lead to an improvement in the reactor performance.
Quantitative evaluations, both simplified and accurate, show that the effect is quite negligible
in case of water and sodium coolant. In the case of lead, the effect is small but appreciable.
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Appendix A

Photon Mass Attenuation Coefficients for Lead, Bismuth,
Sodium and Water

Z = 8 2 . LEAD

P h o t o n E n e r g y (MeV)

Fig. Al Lead: photon mass attenuation coefficients.
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Z = 8 3 . BISMUTH
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Fig. A2 Bismuth: photon mass attenuation coefficients.
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Fig. A3 Sodium: photon mass attenuation coefficients.
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Fig. A4 Water: photon mass attenuation coefficients.
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Appendix B

Neutron Cross Section for Lead/bismuth, Sodium and Water

ao
u

l.E-12 l.E-11 l.E-10 l.E-09 l.E-08 l.E-07 l.E-06 l.E-05 l.E-04 l.E-03 l.E-02 l.E-01 1. 10. 100.

Energy (MeV)

Fig. Bl Neutron cross section for lead/bismuth (55% Bi, 45% Pb).
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Fig. B2 Neutron cross section for sodium.
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Fig. B3 Neutron cross section for water.
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