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¥IGURE 10-1

Boiling-water reactor steam cycle schematic diagram. (Courtesy of General Electric Company.)
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Boiling-water reactor vessel. (Courtesy of the General Electric Company.)
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BWR Core Lattice
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“BWR/6: General Description of a BWR,” GE, 1980.
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FIGURE 1-6

Fuel assembly for a representative boiling-water reactor. (Adapted courtesy of General Electric
Company.) . '
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PWR Fuel Assembly
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Typical Four-Loop Reactor Core

Cross Section (193 Fuel Parameters
Assemblies)
REACTOR VESSEL FUEL ASSEMBLY Total heat output ~3250-3411 MWT
Heat generated in fuel 97.4%
THERMAL . :
SHIELD Nominal system pressure 2250 psia
Total coolant flow rate ~138.4 x 106 Ib/hr
Coolant Temperature
Nominal inlet 557.5°F
Average rise in vessel 61.0°F
3 ; g Outlet from vessel 618.5°F
Equivalent core diameter 11.06 ft
Core length, between fuel ends  12.0 ft
Fuel weight, uranium (first core) 86,270 kg
Number of fuel assemblies 193
CORE
Eraililds CORE BAFFLE

Source unknown. All rights reserved. This content is excluded from our Creative Commons
license. For more information, see http://ocw.mit. fair

Masche, G., Systems Summary: W PWR NPP, 1971
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TABLE 1-2

Characteristics of the Fuel Cores of Six Reference Reactor TypesT

Component

Boiling-water
reactor [BWR]

Pressure-tube
Graphite reactor
(PTGR]

Pressurized-water
reactor [PWR]

Pressurized-heavy-
water reactor
[PHWR]

High-temperature
gas-cooled reactor
[HTGR}?

Liquid-metal
fast-breeder
reactar [LMFBR]

Fuel particle(s)
Geometry

Chemical form
Fissile
Fertile ‘o

Fuel pins

Fuel assembly

Reactor core!

Axis

MNumber of fuel
assemblies along axis

Number of fuel

Short, cylindrical
pellet
uo,

2-4 wt % Sy

ZSSU

Pellet stacks in
long Zr-alloy
cladding tubes

8 X B square armmay
of fuel pins

Vertical
1

748

assemblies in radial array

Short, cylindrical
pellet
uo,

1.8-2.4 wt % U

ZEI-SU

Pellet stacks in
long Zr-alloy
cladding tubes

18-pin concentric.
cirele arrangement

Vertical
2

1661

Short, cylindrical
pellet
vo,

2-4 wt % ¥5U

ZJEU

Pellet stacks in
long Zr-alloy
cladding tubes

16 X 160r17 x
17 square array of
fuel pins

Vertical
1

193-241

Short, cylindrical

pellet
UG,

Natural uranium

ﬂiu

Pellet stacks in
short Zr-alloy
cladding tubes

37-pin concentric-
circle arrangement

Horizontal

12

380

Multiply coated
microspheres
UCIThC

2093wt % U
microsphere

Th microsphere

Microsphere
mixture in short
graphite fuel stick

Hexagonal graphite
block with
stacked fuel sticks

Vertical
B

493

Short, cylindrical pellet

Mixed oxides UO, and
Pu0,
10-20 wt & Pu

28U in depleted U
Pellet stacks in medium-
length stainless steel

cladding tubes
Hexagonal array of 271
fuel pins

Yertical
1

364 driver, 233 blanket

" More detailed data and references are contained in App. IV.
§Thc HTGR fuel geometry is different from that of the other reactors, leading to some slightly awkward classifications.
All of the cores approximate right circular eylinders, Fuel assemblies arc loaded and/or stacked lengthwise paraliel to the axis of the cylinder.

Source unknown. All rights reserved. This content is excluded from our Creative Commons license.
For more information, see http://ocw.mit.edu/fairuse.
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TABLE 1V-1

Typical Characteristics for Six Reference Power Reactor Types (Continued)

Reference
design BWER

PWR(B&W)

PWRICE)

PWR{W)

PWRI{F}

PWRV)

PTGR

PHWR

HTGR

LMFBR

Core
{ cenfineed )
Mo, of
wssemblies
Axial I
Foagliad T4k

Assembly |
piteh, mm 152
Active fuel

height, m 3.81

Eguivalem
dinmeter, m 470
Tonal fuel
weight, (L 156 Uy,
Performance
Eguilibrium
b,
MWIYT 27,500
Avorag e
asscm bly
residence,
full-power
doys

Source unknown. All rights reserved. This content is excluded from our Creative Commons license.

218

KR %]

3.n2

125 UO,

33,000

241

200

381

151

17 U0,

34,400

193

3.06

101 U0,

27,500

205

4,267

337

125 U0,

35,0060

For more information, see http://ocw.mit.edu/fairuse.

151

350

Jolh

0 U0,

25,000-
41,000

2

204 UO,

18,5300

12
30

0.29

98,4 U0,

7,500

470

493

Jnl

630

g4l

172U
3.5 Th

95,000

1,170

|
364 [C)
233 (BR]
179

1.0 )
1.6 [C+BA|

1.66

11 MO,

100,000
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TABLE 1V-1
Typical Characteristics for Six Reference Power Reuctor Types (Continued)

Reference
design BWR PWR(B&W) PWR(CE) PWR(W) PWRIF) PWRLV) PTGR PHWR HTGR LMFER
Fueld
Particles (9-49)
Geomelry Cylindricat  Cylindrical  Cylindrical Cylindrical ~ Cylindrical ~ Cylindrical  Cylindrical Cylindrical  Conted Cylindrical
pellet pellet peller peliet pellet pellet pellet pellet microspheres  pellet
Dimensions, 104 D 82D H3ID K B2D x 1220 % 400-800
mm 10.4 H O5H 19 H 135 H 7.5 D b 6.4 H pam 42 .00
Chemical
form U0, uo, uo, uo, vo, uo, uo, uo, UCTHD,  PuOy/U0,
Envichment
initial core,
wit: 25U 1.71 lave} 2,79 {ave) 1.92/2.78 2.1/2.6/3.1 L8243 3344 1024 0711 93 15-18 Pu
Enrichment,
reloud, wibh
my 2,81 fave) a3 4.0 0.711 93
Fertile iy ) g 18y 1y ™ Depl, U
Pins {9-7) {9-7) (9-7) 8- 97 {9-T) (1-1 {9-H)
Geometry Pellet stuek  Pellet stuck  Pellet stock  Pellet stack  Pellet stack Pellet stack  Dellet stuck  Pelet stack  Cylindrical  Pellet stack
inclad be  inoclad twbe o oclad wbe  in clad tube {nclad ube (o clad wibe  in clad twbe  in clad twhe fuel stick in elad wbe
Dimensions, 850 x
mm 1L.27 D % 96D % 97D % 950 % 91D X 1350 x 13,1 D ® 15780 % 27mH
4.1 mH 4mH 4\ mH 4mH 355mH Aedm H 400 1. 62 L <1
1580 %
195 mH
[BR]
Clad material Zirculoy-2 Zircaloy-4  Zircaloy-4  Ziccaloy-4  Zirealoy-4 ZeNb alloy  Zirealoy=4  Graphite Hluin:u:m
stea
Clad
thickness,

mm 0.813 0.6 0,64 0.57 0.57 0.65 0.9 (.42 — 0t
Assembly (1-6) (-0 (-7 [10-11) (AL Y] (1-8) {19 (=101 8-8)  (E-1112-T)
Geometry & % 8- 17 x 17- 16 X 16- 17 % 17- 17 ¥ 17~ Hexogonal Concentric Concentric Hexagonal Hexagonul

Square Seuare Square Sguure Square arriy circles circles graphite nrray
arpy wrray arvay arruy orray block
Pin pitch, ’
mm 16,2 12.7 2.9 12,6 1.26 1.28 4.6 9.7 |CV
17.0 BRI
Mo, pin
lgcutions 64 289 256 289 33 (1] ir 132 [SAV 271 [CY
Na. fuel pins 62 264 136 264 M4 7 76 |CAlg [ 91 [BR)
Outer
dimensions,
mim 139 217 207 214 215 <80 102D % 360 F x 173 F
495 L 193 H
Channe) Yoy MNo No Mo No Yes Mo Mo Mo Yes
Tatal weight, ’
kg 213 652
Core (10-dy (9-11} {9-11) (9-11) (911 {11-2} (1T
Axis Vertlcal Vertical Vertical Vertical Vertical Vertical Vertical Haorizontal Vertical Vertical

See foonotes on page 717. Source unknown. All rights reserved. This content is excluded from our Creative Commons license.
For more information, see http://ocw.mit.edu/fairuse.
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Power Density

TABLE 7-1
Power Densities for the Reference Reactors and Other Systems

Power density (kW/liter)

-

System Core average Fuel averagaT Fuel n':‘:anxi_ﬂmmJr
Fossil-fuel plant - 10 —_ —

Aircraft turbine 45 — —

Rocket ' 20,000 . — . —

HTGR 8.4 44 125

PTGR 40 54 104

CANDU ' 12 : 110 190

BWR . 56 56 180

PWR - 95-105 ' 95-105 190-210
LMFBR 280 280 420

TIncludes interspersed-coolant volume for systems with fuel-pin lattices; includes only fuel sticks fot
HTGR. S

BT massachusetts institute of Technotogy Prof. Andrew C. Kadak, 2008
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Energy Removal

 Heat Balance in a reactor
— Power Equation function of neutron flux

 Impact of Power Distribution on ability to remove
heat and maintain temperature limits

— Material and Fuel limitations

BT massachusetts institute of Technotogy Prof. Andrew C. Kadak, 2008
Department of Nuclear Science & Engineering Page 15



Diffusion Theory Flux

TABLE 4-2
Diffusion Theory Fluxes and Bucklings for Bare Critical Systems of Uniform Compasition R
Geometry ' ' Dimenslons - - Normalized ﬂu-;{%]i Geomelric buckling B}
Sphere : Radius R % iln ('fr) (i-)l
Finlte cylinder Radius R, helght & (centered about 7 240 oo [ 2.405%" o= 1
r=0and extending to r = +5/2) "N R H R
Tnflnite cylinder Radius R I, (“:5’) (’—%E ]
Rectangular perallelepiped [m‘hnlﬂf]* AX B Cleentered about x =p=zr=0 con [ ™Y con [T con (™ wy! = 1 + Ly
and extending to x = £4 /2, etc.) A B C A C
Infinite slab Thickness 4 (centersd about x =0 and cos [ X L Ll
extending to x = £4/1) A A

TThe term cubold—a synonym for rectangular parallelepiped used in the KENO Monte Carlo eode—it commonly employed In the field of nuclear critieality
safety (and may catch on elsewhare), '

BT massachusetts institute of Technotogy Prof. Andrew C. Kadak, 2008
Department of Nuclear Science & Engineering Page 16
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Flux Shapes
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FIGURE 7-1 :
Flux shapes and average power densities for bare and reflected slab geometries,
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Power Peaking Factors

TABLE 7-2
Power Peaking Factors for Reactors of Various
Geometric Shapes
Peaking factor
Geometry Total Constituents
Sphere, bare 3.29
Infinite slab, bare ' 1.57 -
Cuboid,' bare 3.87 x = 1.517
¥y =1.57
' z = 1.57
Infinite cylinder, bare 2.32
Cylinder, bare . 3.64 r=232
z =157
Cylinder, fully reflected 2.03 r=1.50
z =135
Cylinder, fully reflected, 1.62 r=1.20
enrichment-zoned radially Z =1.35

1A cuboid isa rectangular parallelepiped (see note on Table 4-2),

Illll Massachusetts Institute of Technology Prof. Andrew C. Kadak, 2008
Department of Nuclear Science & Engineering Page 18
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Power Distributions
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FIGURE 7-2
-Power distributions for one- and two-batch fuel-managemant patterns in a bare-slab geometry.
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ALIGNMENT POST . . . :
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UPPER
END FITTING
UPPER
: END CAP
EPACEH CEA )
RID T o IDE
LL-DLT ] - Elé’sgmgﬂ?e
----------- it TOP VIEW
. SPRING
. FUEL RODS SPACER
[16X16 ARRAY) a
F
URANIUM
DIOXIDE.-
PELLETS
' .
!.r:lu:ud.f:.‘:‘J.ch.‘
[, B s ::::::-:.:!
N«F'“T ;‘-;-;“;-- c
ACTIVE j
[ FUEL
] eeners X
0 ZIRCALOY "'4
FUEL
' CLADDING |
| —
i EPACER\ —
Lowen :E
END CAP

Fuel assembly for a representative pressurized-water reactor. (Adapted courtesy of Combustis
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Fuel Pin Cross Section

Fuel-clad gap —

FIGURE 7-3 | =
Cross section of a representative fuel pin (not drawn to scale). ——=
7 -
Tolel feg
FIGURE 7-4

Representative temperature profile for 2 PWR fuel pin. (Adapted from I, ¢
Introduction to Nuciear Power, Hemisphere Publishing, New York, 1987.)
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Heat Removal Governing Processes

* Fuel Pin Power Production

— Conductive heat transfer

— Fourier Law of Heat Conduction

— Poisson’s Equation
« Clad Heat Transfer

— Poisson’s Equation but no heat source
« Clad to Coolant

— Newton’s law of cooling

— Convective Heat Transfer
 Gapto Clad

— Convective

— Conductive heat transfer coefficient — hgap

Illll Massachusetts Institute of Technology Prof. Andrew C. Kadak, 2008
Department of Nuclear Science & Engineering Page 22



Nuclear Limits

* Hot spot factor —

— Peak power in pin

— Prevent Fuel Melting
* Hot Channel Factor

— Assure heat removal from pin

— Minimum Departure from Nucleate Boiling Ratio
* Design Considerations

— Limits on Power

— Materials

BT massachusetts institute of Technotogy Prof. Andrew C. Kadak, 2008
Department of Nuclear Science & Engineering Page 23
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FIGURE 7-6
Heat flux versus surface temperature for a heated pin in a pool of water at saturation temperature.
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Axial Peaking

196 Basic Theory
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Reactor Energy Removal
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FIGURE 7-9

Effect of control-rod group insertion on PWR power shape axially for the core as a whole.
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Control Rod Insertion

204 Basic Theory
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FIGURE 7-10

Effect of control-rod group insertion on PWR power shape radially in a plane through the control rods.
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Homework Assignment

Homework: Problems 7.2,5,6,8

BT massachusetts institute of Technotogy Prof. Andrew C. Kadak, 2008
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