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Understand the fundamental heat production in
nuclear reactors

Calculate the heat generated by a single fuel and
the total heat generated in nuclear reactor core

Understand and calculate some parameters for heat
generation from reactor shutdown and radioisotopes
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Heat Production in Nuclear Reactors

 Heatis produced in nuclear power plants by the process of
nuclear fission.

* Most of this heat is deposited in the fuel, but a few percent of
it is deposited in the coolant and the cladding.

* The fission neutrons are called prompt neutrons.
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Heat Production in Nuclear Reactors

 The kinetic energy carried away by these neutrons is eventually

converted into heat and this increases the temperature of the
core.

 Coolant is then pumped through the core to remove this heat,
and the heated coolant is eventually sent to the nuclear steam
supply system (NSSS) to generate high-pressure steam.
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Measuring Nuclear Energy

* Nuclear energy is measured in electron volts (eV), and most of
the time, it is expressed in MeV.

* An electron volt is the amount of energy required by an
electron falling through a potential difference of 1 V

The number of Joules in an Electron Volt

1eV=16%x10"1JorMeV=1.6x10713]
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 When uranium or plutonium nucleus absorbs a neutron, if

fission occur, approximately 200 MeV of recoverable kinetic
energy is produced.

 Most of this energy is carried away by the fission products and
by any alpha, beta, or gamma rays that are produced

* Fission neutrons carry away between 1% to 2% of the kinetic
energy released
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* Asingle fission event creates about

2x10%8x1.6x1071° =3.2x10711]

Hence, about 30 billion fissions per second are required to create 1 W of
thermal power.

If a NPP is 33% efficient, approximately 100 billion-billion fissions per
second are required to produce 3,000 MW of thermal power and 1,000
MW of electrical energy.
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Converting the Kinetic Energy of
Nuclear Particles into Thermal Energy

Once an atomic nucleus splits apart, the particles that are produced move away
from the nucleus at very high speeds

Moreover, when the nucleus fissions, the mass of the outgoing particles is always
less than the mass of the nucleus itself.

The mass difference Am between the mass of the original nucleus and the mass of
the by-products is directly proportional to the kinetic energy of the by-products

KE = Amc?

where c is the speed of light. Equation above is simply an alternative form of Einstein’s equation of
special relativity.
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Converting the Kinetic Energy of
Nuclear Particles into Thermal Energy

The kinetic energy of the particles produced by the fission process can then be

written as
N 1
KE = 2 <— mnv,zl> = Amc?
n=1 2

where N is the number of particles that are produced and v,, is their velocity.

* This kinetic energy is equivalent to the thermal energy AF that is released when
mass is converted into energy.
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Converting the Kinetic Energy of
Nuclear Particles into Thermal Energy

and this is the energy that eventually shows up in the core in the form of heat, Q

N 1
Q = KE = 2 1 (Emnv,zl> = Amc?
n=

When particles such as photons are also produced, an additional term must be added to Equation above
to account for the presence of these particles. This can be done by extending the summation to read

N /1 M
Q = KE = z (Emnv,zl> + z hf,, = Amc?
n=1 m=1

where M is the number of photons, h is Planck’s constant (a fundamental constant of nature), and f is
their frequency of vibration (in cycles per second).

Planck’s constant, h: 6.6 x 1073* kg - m?/s or 6.6260695 x 1073*]J.s = 4.1356675 x 10 eV s

Thus, a photon such as a 1 MeV gamma ray has a vibrational frequency of
f=E/h=1 x 10°eV/4.1356675 x 10" eV.s = 2.42 x 10?° Hz.
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Estimating the Total Energy Release

In total, there are about 60 ways that a uranium or plutonium nucleus
can split apart.

Each way results in a slightly different amount of thermal energy being
produced.

Each fission event also produces different fission products with different
atomic weights and different numbers of neutrons.
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For U-235 and Pu-239 nuclei, some of the most common ways in which a fission can occur are as follows:

Examples of the Nuclear Fission Process for Uranium-235 and Plutonium-239

o+, U™ U= Cs+”,. Rb+3 ' ;)n+Q’ .
where the variable Q represents the

i+ U=, U=, Ba+™ % Kr+3', n+Q” amount of kinetic energy that is

released.
l,}ﬂ +23592 U %236'}2 U _}]-425‘I XE-F?::,E S[’+ E Iﬂn_l_Q.w

l .- i, » . 1 * The value of Q varies between 190
2 fd 2 B BF

o+ U—="p, U—="5 Ba+ 5 Kr+3 ;n+Q and 220 MeV

L.}I‘l +235|;|_'_~ U %23593 U %]4255 Ba+';'13l5 KI"‘E ]Dn_l_QH.*H

L.}I‘l +235|;|_'_~ U %23593 U %14455 Ba +gﬂ_'-|,|5 K_["+E lun_l_QH.?.ﬂ'H

l.}l'l -I-Hj.;,: U J;2315:}2 U _}]:'1—15“I Xe _|_lIIl.‘.'33 Sr+2 lun_I_QH.-".-"HF

l,}ﬂ +23'5|'I;|4 Pl.l _}}mgq Pl] _}HE C":jg _I_E'EI' KI"J,-E + 3 lﬂn_l_Qﬂmﬂ;
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 About 90% of the energy released by a nuclear fission (170-180 MeV) is released
immediately in a fuel rod in the form of heat and light, and about 3% of the
remaining 10% (about 6 out of 20 MeV) appears within the next 100s.

 The thermal energy that is released between 1 and 100 s is due to the decay of the
radioactive fission products that are produced.

 The majority of this heat is deposited in the core by energetic beta particles and
gamma rays.

* This thermal energy is sometimes called decay heat because it can be produced long
after a reactor is shut down for maintenance or refueling
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The Energy Released from the Thermal Fission of Uranium-235
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Energy Released from the Fission of U-233

Average Energy Released (MeV)

Instantaneously Released Energy

Kinetic energy of fission fragments
Kinetic energy of prompt neutrons
Energy carried by prompt y-rays

Energy from Decaying Fission Products at a Later Time
Energy of [i-particles
Energy of delayed y-rays
Energy released when those prompt neutrons that do not (re)produce fission are captured
Energy converted into heat in an operating thermal nuclear reactor
Energy of antineutrinos (unrecoverable energy)

Sum of all sources

169.10
4.8
7.0

6.5
6.3
6.8
202.5
6.8
209.3
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Estimating the Total Energy Release

TABLE 5.2

The Energy Released from the Thermal Fission of Plutonium-230

Energy Released from the Fission of Pu-230 Average Energy Released (MeV)

Instantaneously Released Energy

Kinetic energy of fission fragments 1758

Kinetic energy of prompt neutrons 59

Energy carried by prompt y-rays 1.8
Energy from Decaying Fission Products at a Later Time

Energy of f-particles 5.3

Energy of delayed y-rays 5.2

Energy released when those prompt neutrons that do not (re)produce fission are captured 7.1

Energy converted into heat in an operating thermal nuclear reactor 207.1

Energy of antineutrinos (unrecoverable) 7.1

Sum of all sources 214.2
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Suppose that the average energy released from the fission of a U-235 nucleus is
200 MeV. How many fissions are required to produce 100 J of thermal energy?
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General Thermodynamic Considerations

 From a thermodynamic point of view, a nuclear reactor is a device in which energy is
produced and transferred to a moving fluid.

* heat is released in a reactor at the rate of ¢ BTU/hr or
/f\&m’am:m watts and absorbed by the coolant, which enters the
Tout .
\ ™ reactor at the temperature T;,, and exits from the

core— reactor at the temperature T ,,,; passing through the
system at the rate of w lb/hr or kg /hr.

/

Coolant in Rate at which heat is absorbed by the coolant:

N ) Coolant
\/ ) q = w(hoyt — hin)

Schematic drawing of coolant flow through a reactor.
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The neutron flux in a single fuel element is not constant.

The axial variations in flux, and consequently volumetric thermal source strength,

however, follow those in the core at the position where the fuel element is, and
must be taken into account.

If the variation of ¢ in the axial direction is a pure cosine function of z, the

maximum value of ¢ and g’’’ occur in a single fuel element at its centre and will be
designated ¢. and g’
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Heat production per unit volume

qIII — szf¢

G is the energy per reaction

In the thermal reactor
q"'(z) = GeZep(2)

The spatial dependence of the flux depends on the geometry and structure of the reactor.

For the case of sinusoidal flux

3.63P
VE,X;
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b (2) 3.63P (nz)
Z) = COS\—
VE.X;  °H,
P is the total power of the reactor
E, is the recoverable energy per fission in joules

is the fuel volume in cm?3

|4
H,and R, are the outer dimensions in cm to the extrapolated boundaries

. 3.63P Z n-v
q'"'(z) = VE,x; szfrCOS(H_6) Zpr = Lpr
v is the reactor rod (mHa?) and V is the reactor volume (rHR?)
Q") = — G co5()
VE, % H,
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Grcos|— | = cos(—
E,n(mHa?) ' H,) nE,.Ha? (He

q"'(z) =

The heat production occurs in the middle z=0 of the central rod (R=0)

1.16PG;
qlll —
max = nE.Ha?

The maximum rate of heat production in a noncentral rod located at r not equal to zero

TZ
q"(2) = qc cos(z-)
e

The total rate at which heat is produced in any fuel rod is given by the integral

SETN2223
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H/2

ree ﬂ'z
q, = A, I q. cos| — dz
—-H/2 He
H/2
e Ez
q, = Agq. I cos| — dz
—-H/2 He
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Where the extrapolation lengths may be neglected, this equation reduces to

- 2H
qt — Asqc
T
This equation used to approximate the flux in a reactor where the fuel is contained in separate fuel rods,
-« 1.16 PG, P
q. = 2 As =7td
nE Ha
, 1.16PG, 2H 2.32PG,
q, = rmwa” x 3 X q, = 5
nE Ha < nE,
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Exercise 2

A small PWR plant operates at a power of 485 MWt. The core, which is approximately 75.4 in. in diameter
and 91.9 in high, consists of a square lattice of 23,142 fuel tubes of thickness 0.021 in and inner diameter
of 0.298 in. The tubes are filled with 3.40 w/o-enriched UO? . The core is cooled by water, which enters at

the bottom at 496°F and passes through the core at a rate of 34 x10° Ib/hr at 2,015 psia. Compute
(a) the average temperature of the water leaving the core;
(b) the average power density in kW/liter;

(c) the maximum heat production rate, assuming the reactor core is
bare.

n=23,142 rods & q =485MWt & R=75.4in & H=91.9in& T, 496 'F &
G=180 Mev & E =200 MeV & a=0.298 in & w=34x10°Ib/ hr
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The Total Heat Generated in Core - General

The individual fuel elements in a heterogeneous core are subjected to
different values of:

 Neutron flux, ¢
O Volumetric thermal source strengths, q.’

In a homogeneous core, there are no individual fuel elements.
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The Total Heat Generated in Core - General

However, the two cases can be treated in a like manner, provided that

1. The number of fuel elements in the heterogeneous core is sufficiently
large.

2. The fuel type and enrichment do not vary in the heterogeneous reactor
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The Total Heat Generated in Core - General

The total heat generated within the core is composed of the total heat
generated by

The fuel in the core

The structural components
Coolant

Moderator

Other materials due to the absorption of radiations.
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The Total Heat Generated in Core - General

In a thermal reactor,

Additional heat is generated by the moderator due to the slowing down of
neutrons (4 to 6 % of the total heat generated within the core).

In order to evaluate the heat generated by the fuel in any core, the flux
distribution throughout the core should be known.
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The Total Heat Generated in Core - General

In a homogeneous core

The type and concentration of the fissionable material are independent of location

The volumetric thermal source strength at any point in the core is given by

q" =GsNyos¢
The value of G in a homogeneous core include the heat generated in the moderator
which averages about 5 % of the total heat.

The value of 190 Mev/fission rather than the 1380 in the fuel of a heterogeneous core)
is used.
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The Total Heat Generated in Core - General

To obtain the total heat generated in a given core, Q,
The proper flux distribution should be substituted for geometry of reactor.

The required total heat generated is then obtained by integration over the
core volume.
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Derive the equation for the total heat generated, Q- (Btu/hr). in an un-reflected
homogeneous reactor core of spherical shape and radius R (ft). Neglect the
extrapolation length (that is, R =Re).
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Derive the equation for the total heat generated, Q- (Btu/hr). in an un-reflected
homogeneous reactor core of spherical shape and radius R (ft). Neglect the
extrapolation length (that is, R =Re).

q = Gf2f¢

¢ =G, 2 4(r)
TTF

¢( )_7Z'I‘/R sm( j

7, . [ =r r
=G, 2 ~—sin| —
. 77 zr/R R

//‘Extmpolated
s core
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Exercise 3 (Solution)

For a spherical shell of radius 7 and thickness Ar

The heat generated in that shell, AQ, , is equal to the above ¢"'
multiplied by the volume of the shell, 47r° . Thus

AQ. =q 4xr’ Ar

7, . (T 5
A =G .2 < _sin| — |47 N
Q=02 zr/R R

G, =190 Mev/ fission

The conversion factor .5477 x 10° to convert Mev/sec cm’ to Btu/hr ft’
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Exercise 3 (Solution)

. [ 7T
AQ, =4G, 2 ¢ Rrsin [TJ A §
The total heat generated in the core, Q,, in Btu/hr, is now
K r
Q. = 4Gfo¢mRI r sin [T)dr
0
This equation integration as follows:
R
r
=4G,2 . ¢ R\ rsin| — |dr
Qr f f¢co _! [ R )

R . R
. SINAx X COS dx

Ixsmaxdx: —

0

2
a a
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R
RY . nr R
=4G .2 R|| — | sin I’ Ccos —
Q} I f¢co [ ] R

2
0. :4Gf2'f¢mR|[£J sin = chosﬂ

QO = 4Gf2'f¢mR[£R}
7T

3
_4G,5,¢,R

T

Qr
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The Case of the Heterogeneous Reactor
with a Large Number of Fuel Elements

In the case of large number of fuel elements, as is usually the case in a power
reactor, Qt: can be obtained, with little error, by homogenizing the core .

q"' would be modified by multiplying it by the ratio of the fuel volume to the
core volume:
, fuel volume

rr 1

dn — q

core volume

Where qh is the homogenized volumetric thermal source strength.

A differential equation can now be written for the geometry of the core and
integrated
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Derive the equation for the total heat generated, Qt(Btu/hr), in a cylindrical reactor
core of radius R and height H containing n vertical fuel elements. Assume a normal
neutron-flux distribution.
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The flux distribution in a cylindrical core is given by

2.405r TZ
¢f_¢mja[ R }C"S [H } (1)

e e

where J, is the Bessel function of the first kind. zero order
(Appendix C). z = 0 represents the middle plane of the core where all

fuel elements have their maximum neutron flux Q
2.405r 2
":éc* — ¢(‘ﬂJﬂ [ R ] ( )
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2.405r
qc‘ — qcoJ&" [T] (3)

[

¢ and q. are the maximum (mr'dpafnt) neutron flux and volumetric thermal

source strength for a fuel element at a radial distance r from the center

¢ and q_ are the neutron flux and volumetric thermal source strength

geometrical center of the core

A'=reactor cross-sectional area per fuel clement will now be

defined 2
., TR
A p—

(4)

n

n Is the total number of fuel elements in the core.
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¢, will now be modified to give ¢,’, the heat generated per unit

area A' . .
q, = Irr — > 49,
A 7R
2H H
q, = Agq, pn = sin [j
: 2n . TH | ..
€, = 553 A H, sm[zH ]qc (5)
or, where the may be
. 2n
qr — 73'2R2 AsqmﬂxH (6)

These equations, in which all components are constant except q. ,
can be combined with Eq. 3 to give 4 as a function of .

, 2n . T H e 2.405r
q, (I‘) — T AsHe SIH[ZH ]Q(‘a"fﬂ [ R ) (7)

e e
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Taking a differential cylindrical element of width Ar at radius r from
the axis of the core the total heat generated in the core, Q,(Btu/hr),
can be computed from the equation

0 = f q.(r)27rdr

R
2 i H | . 2.405
Q":.[ EHEASHPSIH[;Z—H }qca"{?[ R F}fof‘df‘

ﬂ;er

e

4n 7H ) .. ¢ 2.405r
— A H sin rJ I
Q." J’TRJ 5 e (ZH JQca_{[ & ( Rﬁ, }/l

(8)
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Exercise 4 (Solution)

where the extrapolation length may be neglected

R

2.405 R 2.405
_[ rJ, D ldr=——<—| 1y P d
. R, 2.405 R,

J, (0):0
4dn 7H | .. RR 2.405R

= A H si < —J 9
Qr‘ ﬂ_Rz s e SIH[ZHE ]qca 2.405 I [ RE ] ( )

R =Rand H, = H

4dn
= A H. J 2.405
Q. =557 AHL I )

J,(2.405)=0.519
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This quantity can then be substituted in Equation (9)

Q =0.275nA Hq

The above O, represents the total heat generated in the solid fuel
alone.

To obtain the total heat generated in the core, allowances must be
made for the heat generated in the moderator and other reactor
materials.

A reasonable approach is to multiply the above O, by 1.05 giving

Q =0.289nA Hq,
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After a few days of reactor operation, the f and y radiation emitted from decaying

fission products amounts to about 7% of the total thermal power output of the
reactor.

In reactor shutdown, the reactor power does not immediately drop to zero but falls
off rapidly according to a negative period.

Eventually determined by the half-life of the longest-lived delayed neutron group

After shutdown, a reactor therefore continues to generate power, Pts, a function of
time.
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Reactor Shutdown Heat Generation

The amount of such power generation depends on

(a) The level of power before shutdown, Pis
(b) The length of time, to

The ratio of the volumetric thermal source strength after shutdown g, "' to that
before shutdown q, "' as

s

ey FPrg
qtolu Pto
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Reactor Shutdown Heat Generation

10~ 10° 10! 10° 10° 104
PWWQ_P@J P(to +t5) 10! T 171 [ T 11T T T 7117 T T1TT1 T 10

PO N PO B PO — 43‘.\}

1072

P(t,) Py
[
{ !

- Infinite reactor operating time \

L 1 1] 1 [ I | 1 || L 1 1]

10-4
10* 10° 108 107 10% 10°
Time after shutdown (cooling time), r,, sec
. P(ts .. . . .
The ratio % of the fission product decay power to the reactor operating power as a function of time ts
0

after shutdown.
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If a 23°U-fueled reactor contains substantial guantities of “>%U, as many of these
reactors do, the decay of 2397 and 239Np , formed by the absorption of neutrons in
the “°3U, must also be taken into account.

4

— |- - —4 f
O :
——}r4+=223xlﬂ Cl = - | 1—e ' e
a {
o j" B ]
. T 235,
P v, | | 4t
239y, 35, | 0l | o1 | Ay | -491x10 7S
NP s imqo3cl 20U || g 340x10 0 | 3.41x10 S - 00-3] g 4.91x00 0|
P o '
t ufzjjrf:ta ; \ / |
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P239,and Pzgng the decay powers of 239U and 239Np , respectively.

C is the conversion factor for the reactor

04235, and 0_f235u are the effective thermal cross-sections of 23°U
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Exercise 5

A BWR power plant operating for 1.5 years at an efficiency of 34% has an electrical
output of 1,101 MW.

a) What is the maximum fission product decay energy in the reactor at shutdown?
b) What is the decay energy 6 months after shutdown
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Radioisotopic fuels are widely used in small power devices to generate
heat.

The heat is usually then directly converted to electrical energy in
compact power devices by thermoelectric.

In the United States, such systems are called Systems for Nuclear
Auxiliary Propulsion [SNAP].
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These SNAP devices are given odd numbers.
For example,

SNAP 17,

» used to power communications satellites
» uses strontium-90 as fuel.

» weighs 30 lbm

» produces 30 watts of electricity

» has a design life of 3-5 years
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SNAP 27

» A plutonium-238-fueled thermoelectric generator
» Produces 67 watts

Another different category of compact power sources,
1 using small fission reactors rather than radioisotopes
 referred to as SNAP given (even numbers.)

There are generally two types of fuel used:
e Those processed from spent reactor fuels
e Those a emitters prepared by irradiation in a reactor.
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Type | Radioisotope | Activity | Half-life Prol\l}:;l::i;uel DF;\;es\it;rfath?ca;‘S PO\:,N?{)I/)C:S? o

Sr?0 B 28 yr Sr Ti O, 4.8 0.54

| gty B 33 yr Cs Cl 3.9 1.27
(e B 285 d Ce O, 6.4 12.5
Pm** B 25 yr 6.6 1.1
Pa*ia o 138.4d Po 9.3 132.0

2 Pu2:# a 86 vyr PuC 12.5 6.9
Cm?42 o 163 yr Cm C B ey 1,169
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Heat generation in a radioisotope is due to the exothermic decay
reactions and is uniform throughout a fuel element.

The volumetric thermal source strength q"' is obtained by

evaluating the mass defect per decay reaction and the energy
associated with it.
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Exercise 6

A SNAP generator is fuelled with 475 gm of Pu?38 C, 100 % enriched in Pu?38. Calculate
the volumetric thermal source strength in Btu/hr ft3, and the total thermal power
generated in watts.

Density of PuC=12.5 gm/ cm? e
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Fahrenheit Celsius C=(F-32)/1.8
Fahrenheit kelvin K=(F+459.67)/ 1.8
Fahrenheit Rankine Ra = F +459.67
Fahrenheit Réaumur Re=(F-32)/2.25
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Thank You

Stay safe!
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