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Abstract

The thermal spectrum for commercial pressurized water reactor is deter-
mined at different energy distribution and position. Two computer codes
namely : ARCHEB and LEOPARD are used to find thermal spectrum
throughout the core and the throughout the fuel pin respectively. Effective-
ness of fuel, resonance, and moderator temperatures has been carefully
studied and it was noticed that moderator temperature has a substantial ef-
fect on thermal spectrum. Another factor of remarkable effect on thermal
spectrum was found to be boron concentration. Other factors such as en-
richment, fuel pellet radius and fuel channel pitch and their effectiveness on
thermal spectrum are also studied. It has been observed that thermal spec-
trum ,at different radial positions in the core, increases in the inner core
while decreases in the intermediate and orter core at BOC and EOC.



Introduction:

Thermal spectrum for the whole core and for a single fuel pin have been
studied using two computer codes namely: ARCHEB[3] and LEOPARD
[4]. In most large thermal power reactors the neutron energy spectrum is
sufficiently well "thermalized". For simplicity, the reactor core in LWR can
frequently be modeled as an ideal gas of protons or Wigner-Wilkins [11.
The hydrogen in water reactor moderators may be modeled as a proton gas
(mass number=l) in thermal equilibrium at a temperature T. Such a model
obviously ignores both chemical binding and diffraction. However, this
model describes upscattering and has been proven remarkably successful
for generating thermal spectra useful in LWR design [5].

Of course, in a nuclear reactor core the neutron distribution will never
be precisely in thermal equilibrium because of the following effects: (a)
presence of absorption, (b) presence of sources, (c) leakage of neutrons, or
(d) time dependence. The equilibrium spectrum of the neutrons will be a
"Maxwellian" characterized by the moderator temperature T.

In this work, proton gas model has been used for many cases at different
fuel channel pilch, fuel pellet radius, enrichment, boron concentration, fuel,
resonance, and moderator temperatures. The thermal spectrum in a fuel pin
was delcrmined in the energy range (0 < E < 1 ev) while in the whole core,
the thermal spectrum was determined as a function of radial position.

The rector would be operated for 6680 hours (9.5 months) before any re-
fueling maneuvering at an average linear core power density of 100 KW/L.
The objectives were targeted at setting the best moderator, fuel temperature,
and fuel enrichments which would lead to a flat (optimum) thermal spec-
trum.

Description:

The LEOPARD computer code has been used for two purposes:firstly,
to generate Wigner-Wilkins thermal spectrum data as a function of energy
which can be used to plot thermal spectrum at different parameters in
LEOPARD input file, LEOPARD code produces 172 thermal energy
groups and the input file has been used as many as 21 times for as many as
21 different cases, secondly, to generate two group cross sections to be used
in ARCHEB computer code.

Seven parameters: fuel, resonance, and moderator temperatures, fuel
channel pitch, fuel pellet radius, enrichment, and boron concentration have
been implemented to study their influences on the thermal spectrum curve



in a unit cell of one single fuel pin using LEOPARD while fuel enrichment,
fuel and moderator temperatures have been considered in studying the ther-
mal spectrum in the reactor core at different radial positions using the AR-
CHEB code. In each run, one parameter is changed and the other six pa-
rameters remain foxed. LEOPRD input file has been run for six different
boron concentrations: 1200, 2000, 10.000, 50.000,and 100.000 ppm.

Three different fuel and resonance temperatures of 1200, 1600, and
2000°C and three different moderator temperatures of 150, 250, and 35O°C
were used. Three different fuel pellet radii of 0.35, 0.40, and 0.45 cm were
used. For the ARCHEB code, three types of fuel enrichments have been
considered at a time. Each batch remains in the reactor core for three con-
secutive cycles. For running LEOPARD code, the following assumptions
were made: a) For partially depleted batches, an average burn-up of 10.000
MWD/MTU and typical poison concentration, bj Linear boron concentra-
tion changes in a 6-step burn-up calculation, and cj The fuel was burnt at
two different power densities, the higher power density was found in the in-
ner core. For ARCHEB code, three different moderator temperatures: 250,
300, and 350°C and three different fuel temperatures: 1200, 1400, and
1600°C were assigned to determine the thermal spectrum throughout the re-
actor core.

Results:

After running the LEOPARD and ARCHEB computer codes for deter-
mining the thermal spectrum throughout the fuel pin and the reactor core
respectively, it has been noticed that the thermal spectrum is slightly affect-
ed by addition of boron at low concentration of (1200-2000pm) as shown in
Figure 1, on the other hand, the thermal spectrum is strongly affected by
addition of boron at high concentrations of (10000, 50000, and 100,000
ppm). Between 0.0001 and 0.13 eV, the thermal spectrum curve at 100,000
ppm drops off because of higher neutron absorption of energies in this
range while absorption decreases in the energy range of 0.13 eV up to
0.625 eV which leads the thermal spectrum to be shifted up. With no boron
addition, the thermal spectrum will reach its maximum value at 0.06 eV and
then starts decreasing as depicted in Figure 1. It has also been indicated that
the thermal spectrum at high boron concentration is shifted to higher ener-
gies than the thermal spectrum at low boron concentration. This is due to
the fact that absorption at thermal energies tends to remove low energy neu-
trons before they have had an opportunity to come to equilibrium with the
system.



In Figure 2, it has been noticed that at higher fuel enrichment the ther-
mal spectrum is shifted up a bit. In Figure 3, changing fuel pellet radius will
affect the shape of the thermal spectrum, in other words, thermal spectrum
increase is directly proportional to fuel pellet radius increase and vise ver-
sa.The fuel temperature has no substantial effect on the thermal spectrum as
shown in Figure 4. This can be interpreted based on the fact that the nuclear
fuel melts down at a very high temperature and takes the solid form which
makes thermal agitation quite difficult.

The increase in moderator temperature (Figure 5) will strongly and re-
markably affect the thermal spectrum curve because thermal agitation will
take place in moderator (water) at very high temperatures beside that chem-
ical bonds are different of those of nuclear fuel. Also, it would be noticed
that the thermal spectrum in the range of 0.0001 to 0.07 eV is lower at high
temperatures and is shifted up while slowing down comparing with low
temperatures.

In Figure 6, the thermal spectrum above 1 eV is remarkably shifted up at
a small channel pitch rather than at a large channel pitch as shown which
may interpreted from the fact that at small channel pitch, fuel rods are
stocked to each other so no enough moderation of neutrons is allowed be-
side that the neutron mean free path is larger. The resonance temperature
has no remarkable effect on the thermal spectrum as shown in Figure 7.

In Figure 8, the thermal spectrum in the reactor core varies at different
moderator temperatures, the greater the moderator temperature the flatter
the flux distribution...The flux increases with time in the inner core and de-
creases in the intermediate and outer core because the moderator density
decreases at high moderator temperatures and consequently the power de-
creases as well.

In Figure 9, the thermal spectrum (flux) increases with moderator tem-
perature increase. It is noticed that the flux increase in a temperature range
of (250 - 300°C) is higher than that in a temperature range o (3OO-35O°C)
while the flux increase in a temperature range of (350-360°C) is ever slight-
er.

Figure 10 representthe relative thermal neutron spectrum at different ra-
dial positions in the reactor core with moderator temperature of 360°C at
the beginning of fuel cycle (BOC) and the end of fuel cycle (EOC). The
(BOC) is considered at a time of 69 hours and the (EOC) at a time of 6679
hours. It is noticed that the thermal spectrum increases with time in the in-
ner core and decreases in the intermediate and outer core which can be ex-
plained as a result of the high fuel depletion in the inner core, in addition,
the larger power density at which the inner core is being burnt affects the
inner core part of'the spectrum and shifts it up.
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Figure (1): Thermal Spectrum At Different Boron Concentration
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Figure 42) : Thermal Spectrum At Different Enrichment
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Figure (3): Thermal Spectrum At Different Fuel Pellet Radii
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Figure (4) : Thermal Spectrum At Different Fuel Temperatures
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Figure (5) : Thermal Spectrum At Different Enrichment Moderator
Temperatures
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Figure (6): Thermal Spectrum At Different Fuel Channel Pitches
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Figure (7) : Thermal Spectrum At Different Fuel and Resonance
Temperatures
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Figure (8) : Radial Flux Distribution At Different Modera to r
Temperatures, Time 3340 Hours
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Figure (9) : Thermal Spectrum Distribution At Different Moderator
Temperatures

6 20 40 60 80 100 120 140 160 180 200
CORE RADIUS (CM)

Figure (10) : Thermal Spectrum Distribution At (BOC) and (EOC) in
Reactor Core



CORE DATA:

Active Core Volume 32800 liters

Active Core Power 1 15 kw/1 inner core

85 kw/1 intermediate core

85 kw/1 outer core

POISONS CONCENTRATION (NON FRESH FUEL):

1-135 : 2.02202 x 10-8

Sm-149 : 5.31551 x 10-8

Xe-135 : 7.15672 x 10-9

Pr-149 : 3.31161 x 10-8

F. P. : 1.80050 x 10-7

FUEL ELEMENT DATA:

Fuel element pitch : 1.25 cm

Fuel element O.D. : 0.94 cm

Fuel pellet Dia. : 0.819 cm

Fuel enrichment : 2.1%, 2.6%, 3.1%

SYSTEM PRESSURE : 2250 psia

BORON CONCENTRATION AT DIFFERENT BURNUP:

69 1200

275 1000
344 500

2652 250

3340 100

1.0 100

FUEL ENRICHMENT ANALYSIS:

initial final

2.1,2.6,3.1% 1200 100

2.5, 3.0, 3.5% 2200 300

3.0,3.5,4.0% 3200 400



SAMPLE BURNUP INPUT FOR LEOPARD

D 3 0 0
99
3

100
777
18
25
26
27
28
29
75

777
1200.00000
0.40950000
2250.00000
1.00000000

1
2
3
4
5
6

777

0 1 0 0
1.00000000
0.00000000
0.00000000
0.00000000

-0.02100000
2.02202E-8
5.31551E-8
7.15672E-9
1.80050E-7
1200.00000
3.31161E-8
0.00000000
1200.00000
0.47000000
0.00000000
100.000000
66.8000000
275.000000
344.000000
2652.00000
3340.00000

1.00000
0.00000

0 0 0 0
0.00000000
0.97000000
0.00000000
0.00000000

450.000000
1.25000000
0.95000000
0.00000000
1200.00000
1000.00000
500.000000
250.000000
100.000000
100.000000

0.000000

0 1 0 0 - 2 0 1
0.00000000 0.00000000
0.00000000 0.15000000
1.00000000 0.85000000
0.00000000 0.00000000

150.000000 1.0000D-07 1.00000000
0.00000000 0.00000000 0.05000000
0.00000000 0.00000000 0.00000000
10000.0000 1.00000000
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