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Divide in groups of 5:

you will solve the exercises in group
we will correct them together at the board
We split exercise 1 in (a) — (b-c) — (d-e)
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=P7L 1. An example nuclear power plant

Exercise description:
Consider a 900 MWe PWR.
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a) The efficiency for the conversion of heat into electricity is equal to 33%; how much is the
nominal thermal power? How many fissions per second are necessary to produce this thermal
power?

b) The core contains 157 fuel assemblies (0.215 mx 0.215 m square cross-section, and 3.658
m height); what size is its volume and its equivalent radius if it is transformed into a cylinder? It
contains 82 t of uranium oxide (density: 10 300 kgm~3); how large is the volume of fuel, and what
fraction of the total is occupied by the fuel?

c) How large is the power per unit of volume of core, and per unit of volume of fuel?

d) The uranium of the fuel is enriched up to 3%. Calculate the number of uranium-235 atoms
per unit of volume. Using 582 barns for the uranium-235 fission microscopic cross-section, and
neglecting fission of the uranium-238 atoms, calculate the macroscopic fission cross-section of
the fuel. Consequently, how large is the mean neutron flux in the fuel?

e) Assuming that the neutrons are monokinetic, with a velocity equal to 3100 ms™, calculate
the mean neutron density in the fuel.

Expected results: (a) 8.4 x 10*° fissions; (b) 1.52m; 8 m3(30%); (c) 100 MWm™3 ( 340 MWm™3);
(d)2s=45m%; ®=2.33x 107 m2s7?;(e) 0.75 x 10 m™3
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1. An example nuclear power plant

Divide the electric output by the
efficiency to get the thermal output:

900 MWe

P, = ———— ~ = 2700 MWth
th 0.33

Consider 200 MeV as energy released
z per fission, convert this to Joules:

1 MeV= 1.6021766339999E-13]

Get the fission rate by dividing the thermal
output by the energy released by one fission

.....

2700 x 10°]/s issions
F = // =8.4><1019f—

~ 200 * 1.60E—13] s

(a) With 200 MeV per fission, the thermal power (2700 MWth) is generated by 8.4 x 10*° fissions

L
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1. An example nuclear power plant

(b) The volume of the core is 27 m2 which represents an equivalent radius of 1.52 m when in
the form of a cylinder:

A * Nysspmprigs * H
T *H

The volume V of the fuel is 8 m3, where the mass is M and the density is D:
V=M/D
i.e. 30% of the core volume.
Fast forward question: a typical W2LOOP PWR of the same size has 55% water, 21% fuel, the rest
is zirconium and structural materials. Would this reactor have a higher or lower thermal utilization

factor 1?

(c) Divide this power by the volumes. The power is 100 MW /m? of core, or 340 MW /m? of fuel.
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1. An example nuclear power plant

(d) The molar mass of UO2 with 3 at% U-235 is given by :
Myo, = 0.03%235+0.97%238 +2x16 g/mol
The number of moles of UO2:

__ Puoz2
Myo>

= 3.816x10* mol/m3

There is one uranium atom in every mole of UO2
NU =N NA
Three percent of these atoms are U235, from which we can compute the macroXS and the flux

Nyy3s = 0.03 Ny = 6.89%x102%° atoms/m3
¢ = Nyac 0 ~ 6.89%1026 X 582 x 10728 ~ 40.1 m—1

24

¢ = 1—=3.0x10"7 m-2s-1
Zf*Ef

(e) For monokinetic neutrons, ¢ = nv hencen = ®/v
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=PrL 3. Energy released by a fission chain

Exercise description:

(a) Show that the energy released in the n" generation of a fission chain reaction initiated
by one fission, is given by:
E-n = kn—lER
Where k is the multiplication factor and Eg is the recoverable energy per fission.

(b) Show that the total energy released up to and including the n*" generation is given by:
k™ —1
E = E
k—1 "%
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=PrL 3. Energy released by a fission chain

(a) The energy released at the first generation is Er since there is one fission.
The energy released at the second generation is k.Eg since there is k fissions
The energy released at the third generation is k2.Er since there is k? fissions

So at the nth generation, E,, = k™ 1E,

(b) The total energy released is the sum of the energy released at each generation, so
E - ER -+ kER . szR+"' +kn_1ER
Which is a geometric progression whose sum is:
kK™ —1

T
i

In case the criticality condition is met, what is the limit of this sum?
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=PFL 4, Concentration of a fission product

Exercise description:

The fission product of '/ has a half-life of 8.05 days and is produced in fission with a yield of

2.9% (that is, 0.029 atoms of *'I are produced per fission). Calculate the equilibrium activity (in
Ci) of this radionuclide in a reactor operating at 3300 MW.
Expected results: A iprium = 8.07 X 107 Ci
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4. Concentration of a fission product

Exercise solution:

The fission rate is defined as

P — MW(IOG joulesJ( 1 fission j( 1 MeV jz 1 031x 02 Jissions

MW —sec \ 200 MeV | 1.60x107" joule sec
At equilibrium
dl
0 = Z=}/1FR—ZII

de sintegration] 2.990 x 1018
Aequilibrium = (0029)(1031 X 1020) = 2.990 X 1018 [ 9 ] —

7% oo~ = 807 X 107 Ci

sec

=
o
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=Pl 2. Activity of fission products

Ay = 1.4 x10°P(t7°2% — (t + T)"%2) [Ci]

= P - nominal power of the reactor [MW1h]
= T — operation time [days]
= t — time following the shutdown [days]

- Reactor loaded with 120 fuel elements
- Operation of 1 year at 100MWth =% fuel discharge

Ci=3.7 x101°Bq




=Pl 2. Activity of fission products

Ar, = 1.4 x10°P(t7%% — (¢ +T)™%%) [Ci
fr ( ( ) ) 1] What is the average

= P - nominal power of the reactor [MWth] FP activity in
« T — operation time [days] becquerels of a

single fuel
element 1 day after
discharge?

= { — time following the shutdown [days]

- Reactor loaded with 120 fuel elements
- Operation of 1 year at 100MWth =% fuel discharge

Ci=3.7 x101°Bq
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2. Activity of fission products

Afp = 1.4 x10°P(t7%% — (t + T)7°2) [Ci]

= P - nominal power of the reactor [MW1h]
= T — operation time [days]
= t — time following the shutdown [days]

- Operation of 1 year

What is (usually) the
thermal power of a
commercial LWR?

What is its FP
activity 1 day after
the shutdown (order
of magnitude)?

Ci=3.7 x101°Bq




=Pl 2. Activity of fission products

Ep /P §
R | Why does the residual
e thermal power depend
10" h S on the operation time
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=Pl 2. Activity of fission products

Give a coarse estimate
of fraction of power
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still produced, in the
seconds following the
reactor shutdown.
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=Pl 2. Activity of fission products

Estimate the average
residual thermal power
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of single fuel element
using the graph
(1 day after discharge)
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5. Fragments Escape Probability

Near the surface of a flat fuel element in an operating reactor, fissions are occurring at the
constant rate of S fissions/cm3-s. Given that the average range of the fission fragments is R, show
that the rate at which such fragments would escape per cm?/sec from the surface of the fuel if
it were not clad is equal to SR/2.
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=F7L B, Fragments Escape Probability

Exercise solution:
Assume that all fission fragments have the same range R in moving through the fuel.
Then any fragment whose track to the surface is less than R will escape. Fuel plate
Using the figure below, the number of fragments emanating from the unit area of the fuel
of thickness dx which will escape, is

dNg =S -dx - —
B x 4
Where a is the solid angle for which fragments escape from the fuel.

a is given by:

a=2m f sinvdv = 2 (1 — cosVy,,,)
The maximum polar angle for which fragments escape from the fuel is given by:

x
COSVpar ==

So finally, @ = 2m (1 - %)

Integrating over the full range of fission fragments, the total number of escape Ny per cm?
over one side of the fuel plate is then:

Because of escape through both sides of the fuel plate, the total number of escape per cm?
is SR/2
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