Nuclear Reactors:
Science and Operation

- Week 3: Controlling a Nuclear Reactor




K-eff and criticality 20—(V)—0O

In week 1, we talked about how chain reactions work. One way to
measure a chain reaction is thg effective multiplication factor "K-eff')-
basically, this is the factor by which the neutron population multiplies

between each generation. 5w _ A .
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Prompt and delayed neutrons
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We've previously classified neutrons as fast or thermal.,, her
classification of neutrons: | .
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- A prompt neutron is a neutron that’s dlrectly emitted from a’[ﬂssmn
event. Usually, prompt neutrons are fast neutrons emitted \AQW fet
0.0001s of the fission. QD s )
deiayed neutron is a neutron emitted from the decay of fission
products Usually, delayed neutrons are "epithermal" (faster than
thermal, but not quite fast) and are emitted up to a minute after the

fission. MITR. “’“b“} Lkoed ggvﬂ ?&Moré
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Prompt and delayed neutrons
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Delayed neutrons are a tiny fraction (for U-235 fission, about 0.65%) of
neutrons produced, but they are very important as they m
controlling a nuclear chain reaction practical (not just possible)!

et wa dbove. Nl
If all neutrons were prompt, each generation of neutrons would only
have 0.0001s between them. Even if k =1.01, in one second the neutron
population has already multiplied by thig value % - this
exponential growth is simply too fast tof;:ontrol. | s jneesse by |0
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A reactor being "prompt supercritical" is when it is supercritical with
only the prompt neutrons - this is the basis of a nuclear bomb.



Prompt and delayed neutrons

However, suppose we were supercritical but not prompt supercritical.
This means the prompt neutrons alone are not enough to make up the
neutron population, and we must rely on the delayed neutrons for the
increase Since delayed neutrons are on a multi-second timescalg@this
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Neutron Life Cycle

'Tj _ f ! '43 Fast Neutrons

Produced by

, L‘aﬂ}‘“ Thermal Fissions ?ﬁ\
Criticality isn't easy to achieve. Of the ~2.4 ¥ net i Q
neutrons each U-235 fission emits, over half Coptre i o v
of them are lost to leakage (nheutrons
. _—

escaping the core) or absorption (neutr

being absorbed by materials that ar
fuel). Look up the@ix-factor formula)if
interested in neutron life cycles!

What happens to a neutron?

Fast Neutrons

Total Number of |

Thermal Neutrons
Absorbed in Fuel

Neutrons Captured
in U-238
(Resonance) |
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Water, etc.
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ysics at MIT: https://dspace.mit.edu/bitstream/handle/1721.1/74136/22-05-fall-2006/contents/lecture-notes/lecture07.pdf

From Dr. John A Bernard’s 006 class on Reacto
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Reactivity and control systems :f' /;5
Reactivity is a measure of how far a reactor is from being k__ - 5_
critical, with zero being perfectly critical, positive values @ kO
being supercritical and negative ones subcritical. o tH2TS U-235
“iavese howe delayed | ONEST. )
An equation called the Inhour Equation relates reactivity Am" oletve
with the reactor period (the time it takes for reactor @ N (E\}\b(
power to increase by a factor of e). feric . () + 2(0)p()
M&ﬂ;\ oy 21 / 'g

(Note: it can be tempting to say k=1+£, especially with all dwge " J (4
the rounding that happens with the small values we use

- but this is not true in general!) %
. = "X 3
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Reactivity and control systems
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We can control how many neutrons agre available for the chain reaction
by controlling how many neutrons are absorbed. Absorbing more
neutrons § adding negative reactivity> and through calibrations we
know how much reactivity each control rod adds or removes.

Reactor control systems are basically neutron-absorbing materials that
we can move in or out of the core to change how many neutrons get

absorbed.

At the MITR, these take the form of six shim blades (steel with boron)

and a fine-control regulating rod (aluminium with cadmium liner).
—



Control systems

CORE STRUCTURE

CORE TANK:

FINE-CONTROL REGULATING ROD

SHIM BLADE
ABSORBERS (6)

uuuuuuuu
nnnnnnnnnnnnn

The six shim blades are located
s 1N @ Nexagon around the core,

and are normally used for larger
CORE SECTION MITR-TI power adJUStments-

FIGURE 1.8 SEPT 22014
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Operating the reactor

Lots of parameters need
to be monitored to
ensure the reactorisin a
safe condition.

Examples include:
Qeactor power, coolant

emperature, pressure
and flow, tank levels

We also have an
automatic controller!
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A closer look

Here are some
of the most
important
instruments in
the control
room.

Conveniently,
they're all right
in front of the
operator :)
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UNIFORM HEATING OF
PRIMARY & REFLECTOR
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W/

\r’

m

There are a number of ways the reactor respgnds during operation
requiring us to

which affect reactivity,

Reactor feedback mechanisms

Moderator temperature is the

the light water

which serves as both coolant and
moderator heats up. As water
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fastest such mechanism. As the

reactor operates

PRIMARY AND REFLECTOR AVERAGE TEMP
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Reactor feedback mechanisms

Xenon concentration becomes important over Ionge&tlméscales (eg.
W powS”

hours of operation). Xenon-135 is a very strong neutron' n, which

means it absorbs neutrons very easily - this leaves few n?utrons for

U-235 and effectively kills the chain reaction. -
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Unfortunately, Xe-135 is a natural product of

-235 Hssivs
the decay of some of the most common e
fission yields (elements produced from U-235 [-135
fission), so its production in a reactor is | F‘&“JMJW ol
unavoidable. As Xe-135 builds up, we need to Xe-135  crs-sechon
bring out the control rods to counteract the oo | 25 exlles *’“’“ﬂ
negative reactivity effect. e o3 5“3 U-235 dssion
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