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1. H3@

A 103 Abololl commercial nuclear power reactor
+ 2L physical size ¢} thermal capacity o] foj4 F
4% 2AE AFH #) o] review A& 53] Pre-
ssurized water reactor (PWR)<} High temperature
gas-cooled reactor(HTGR)2] A A o] QoA wA
<+ $AAz 23d urle dvh.

Commercial PWR o] F&3 A4S AFE F4 o
F& k22| physics & A Fs7] 1 =gl g
AR oA A& ¢ AT ey & AR Fo
ok & He AAsE AA AL Aolo] A zHAe] zHA
o] 1 WA 2t 4T AT T L4kl wES)
dete Aolvlk. o8 71A s8¢ £ ¥ 2 g conceptual
design o] A9} o & AA L& zo] ol&HA Ads
£ A AolelE datolele A3to] APmz olel
Aol AFHor o] Fo A Relatx w7} 4
. 2y oAE A 3o FHE A4 AL A
¢ 22 84 A2 &35 o|£49 o8 EAE
vlm A 2 A A4 AgE FeY FIL
24 gdo} s AAA =4
PWR & A}235}+ Nuclear Power Plant o4} @ 7}A
FEY gk AAAL] WE A% 2d Fed A &
] Steel ) Ao} Zircaloy & A&3514 =i 49
reactivity control-& $18] burnable poison o] Y& 2
o)A sl =3 movable part length absorber & A&
3 4] axial power distribution & ZA3A & A E-o)
b o]l ¥ AA Ao W AF fuel investment &
Fo1X cycle life & F7H7 7 $A) FARG &
+38 4 3l
ul5o. 24 overall plant economics & FA#] 3} A7}
£ 714 g4

HTGRe vl & A& 53] g8l 453 o] A

average power density o4 YA}zE

60

AAZ Folel wdd a4 xvh. 2 F4 o)fe
o]9} 7+ Folo] WY 129 thermal energy 2.4
HTGR oA Yo+ daFg AYE wir] A AA
AL g ek oA U & LEo4 2AE
+ HTGR Y] "4d oz $utsE oz a2 Fo4
713 o2l AL &L performance 8 17} A=
¥ 74 fuel & Azt o A= 1972d] A
E=Z¥ A4 Fort St. Vrain Reactor o] A& o] &)
& coated fuel particle € AAI Pz fAsgE o
deozel HTGROA wsidoz atgd Aato] wint
3 ar}

)& Aof4 PWR core designo] x5 w3}& of
2 4w 2 g UAZ et ol e WEE s1A
2A e b FEH 98¢ @ Al F9F FFs1)
2 ¥} =z & AAAE 535 Fort St Vrain g#
2§ 422 34 HTGR 9 A dA o] sl 433
AA A A8 Br)z .

2. Current Practice in PWR Core Design

196039 9lA o) =5+3 Yankee-Rowe PWR demons-
tration plant®] Z# o] 392 MWtgwl Aol w4
19713 A G5l PWR S0l 3,400 MWio)Ael A
o] glow AF Aot AA] Y& PWR ol 4,000
MWte] 49 AxE gJ€ A== AY 108972 PWR 9

thermal output & 1A F74s] k. o) gl o]
thermal capacity 7} 7134 5 F23q o] %=

thermal capacity 7} %7}3o] =} fuel cost 7} 7+~ 3%
5} 5A)l capital cost 7} 3tazlr] wFejvk. o) A
2.8 cost-§ A4¥ ¥l o 3,400 MWt(~1, 100 MWe)
9] 88-& 7}4 nuclear power plant 9] 7 %o gross
Kwe &} ¢F 2508 WX 300$ A x.o]w fuel cost &= Kwh
2 ¢k 1.6WA 1.8 mill A= o]e}f. o]9} & cost o] 7t

4% nuclear power plant 9] overall design change 9}
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Table 1.

Core design parameters
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A 2-& design features @] =] 3 ¢-& ulyd &

o]

1960
Yankee Rowe!

1970
Large C-E PWR

General
Electrical output, MW (e)
Thermal output, MW (1)
Steam generator pressure, psia
Steam (generator temperature, °F
Core diameter, ft
Core length, ft
Fuel assemblies
Stuctural material in core
Number of assemblies in core
Number of fuel rods per assembly
Total number of fuel rods
Fuel rod pitch, in.
Fuel rods
Fuel material
Pellet diameter
Clad material
Control components
Control rods
Number
Type
Chemical shim, for cold shutdown
for burnup compensation
Burnable shim
Miscellaneous
Primary coolant flow, 1b/h
Coolant temperature, Inlet, °F
Vessel outlet, °F
Coolant velocity, average, ff/sec
Core heat transfer surface area, ft?
Average heat flux, Btu/¢Ch ft?)
Maximum heat flux, Btu/Ch ft%)
Average linear heat rate of rod, kw/ft
Maximum linear heat rate of rod, kw/ft
Power peaking.factors
Rodial
Axial
Overall
Fuel loading, MTU
Burnup, average, MWd/MTU

110
392
525
475
6.15
7.5

304 SS
76
305 and 306
23,180
0. 425

UO:
0.29 in
304 SS

Ag-In-Cd
24
Cruciform
Boric Acid
Adopted later

37.8X10°

495
532
14.4

15, 400

87, 000

450, 000
2.25
11.6°

5.17¢
22.8
8, 200

1,180—1, 202
3,410—3, 413
900—1, 000
532—544
11.3
12.5

Zircaloy
217
176

38,192
0.58

U0,
0.38 in
Zircaloy

B:C
69
Finger
Boric Acid
Boric Acid
Boron

148—156X10°
553—565
611—619
16.8—18.1
55, 000
205, 100
549, 300
6.9
18.5

1.55
1.68
2.68
107.0
33, 000

a. Calculated for this comparison.
b. Information not available.

1. Shoupp et al., The Yankee Atomic Electric Plant, Proc. U.N. Intern.

Conf. Peaceful Uses At. Energy, 2nd, Geneva, 1958
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PWR core design 2] #3}-& oo} ur| ¢8 4 Table
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A A4 Fd 9A59 design parameter 9} 1960 o}
9] Alo] o] & Yankee-Rowe PWR demonstration plant
o A wizs £

A x}z2] physical size 7} £7}3F 2 9] 9] core capa—
bility 9} fuel economicsell A4HQY F#& F 9.4F
+ 9As=

(a) Fuel cladding 3} structural materialell FA7}
A] stainless steel & # 2v] A& Zircaloy 8 w X 5
A AR},

(b) Burnup o] 9§ reactivity F4& nE3517] 48
4] boric acid & ¥ chemical shim & A} &314 HJ2

(c) Moderator coefficient & control 3}7] $}s)A4
burnable poison-& AM-&8HA

(d) Cruciform-shaped control rod ej4lel] finger
control rods & AH-8-3174 2,

(e) Fuel ¢} ¥ burnup o] So}x L,

(f) Core design 3} operation AR}ell B& AFE =
2l 31 & 1 sophiscated fuel management & 3
w2} peaking factors & ZF4A7|A Hol = A3} fuel
rod 2 maximum linear heat rate 7} 753 core 8
M F heat flux 7} E7}eA & A 52 5 4+ 9+

A 54T 44 B AGER JAHA
safety ¢} environmental affectol] s q &-Fx7 ] 73}
sHe7) W Fol &9 ©tf &-& performance & ©]§3}7)
213 core design A2 EA S A&dA ASE Ao
vk olsh AaiEA W F 4l A= AR A
Westinghouse, General Electric ¥ Combustion Eng-
ineering 3 A2 4 A& , Commercial nuclear power
plant A4 3 A-5o] v]Fulle]A nr} Awea o4
Az plant o] FE¢ WS A =@ L S
o FEol FAFoE HH Fo o3 & AL £
PEREER IR

3. Operating PWR 2| Physics

(1) Physics methods 2] Experimental Verifica-
tion

Reactor physics principle ol 947§ o] 84 <] predic-
tiono] 4PH oz 15| uwlel design methods 7+
HAH Lol FA=t. 2 J]EH PHLE cored 2
AR A SA description o} A% ¥ gk ol
Z 98 4 & neutron transport & diffusion theory &
A g s okal g}, el theoretical result 7} A
#35}7] 918 4= multigroup diffusion theory & o]-4
# 4] input parameters & HA3d AYste= Aol A4
%93 AFFolc}. Diffusion theory 2 ¥-8 & A}
7} neutron energy $} core geometry & AbAl 3] el ¥

B EORES Bndhn—8 8 1%

bigh order transport theory & %% o1& 73 s} 7o}
oF & 2]y critical facility 1} spent fuel o4 &
A3 data ¢ ¥ ZEE input cross section ¢ =& A
3] of ¥}, Macroscopic constants & AR sH7] $18
A% computer codes & Alg3of FleH o] w fast
neutron spectrum 3} thermal spectrum 2 A& $
# A microscopic library data ¢} input number density
& A8} Fuel pellet 8¢ cladding 2
region o] v} § energy-dependent flux disadvantage
factor & 7] $8 A+ integral transport theory &
2E & Al analytical fit & v} Core property
£ diffusion theory & A AL& w] 2} fuel pin 3} absor-
ber pin & single mesh rectangle 24 el & two-
dimensional treatment & 3|4 Fgc}. o]® nuclear
power plant X ok Aqks]= Safety Analysis
Report o] dkEA] oW ubdo] 284 core parameter
Eo] AARHE 715 A3 Aed ok

Reactor physics calculation £oll4] 7} $93% A
o224

(a) Moderator temperature, fuel temperature 2

moderator

chemical shim concentration 9] reactivity coefficient
£ A A

(b) Al coreol A9 criticality & A4S T o]F
burnup 8] ¥42A AH4sE AH

(¢) Axial power distribution 3} radial power dis-
tribution & A Aste A}

‘ (d) Control rod o] differential worth &} integral
worth & Al Alshe A Fold.

& Westinghouse 3] Alo] 28]+ A% Spain$
José Cabrera reactor $} Switzerland 2] Beznau reactor
9] core parameters o] Th¥ o] &4 AL AAE FF
Al wlms] »2r)= . Beznau reactor ol A&
burnable poison 3} part length control rod & =3}
93 ¥ reactors o Zircaloy & A}-‘guz‘ﬂ-gi%—g— X} A 5
Fr}. Table2el4 o] ¥ QA2 =34 critical
chemical shim concentration 3} soluble boron worth
coefficient @ hot zero power condition oj] 2] overall
temperature coefficient 5 v] 23} ¢}

2E PWR A4 34 vels vkeh Zo] tem-
perature coefficiento} <k 0.2X107*/°F4] discrepancy
7} o] HejAuk PWR S moderator temperature
coefficient Al Aol nMH o g o] A9 biasy} &
A Jelez ol majshyd o] &4l AL Hwd
AEsiga g 4 ok 7] B FHAE control
rod o] st% A=A o3& zero power YEfof4
3 beginning-of-life test & E3] Aoixg en AAH
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Table 2. Comparison of calculated and measured parameters for the José Cabrera reactor
and the Beznau reactor
l José Cabrera ' Beznau
| Calc | Meas | Diff | Calc | Meas | Diif
Cold critical boron conc (ppm) 1, 840 1, 866 26 — — —
Hot zero power boron conc (ppm) 2,042 2,054 12 1, 580 1, 583 3
Hot boron worth (ppm/% Ap) 105 107 2 108 100 —8
Hot (tf(r)rlg/e{;gure reactivity coefficient 40.45 40.67 0.22 —0.29 —0.05 0.24
9l operation condition ] 4] & overall temperature
coefficient = negative o] ¥}. Moderator temperature v —
=0 . +
coefficient 3= core 7} deplete o] wte} =3 chemical s o5 3
shim concentration o] Zt&jte] wa} Hx = AR >
- 1.0 -
7} F7F A —3.0%X10"4/°F A =7A =t} Fuel tem-
-3.8 1.5 28
perature coefficient + power level 3 burnup o] e} :
—0.1X107/°F &} —0.2X1074/°F A}s]o] 4 g} 3 04
- L 28 o7 -2.3 -0.3]
Burnup of wte} reactivity 7} Wl 3telE AL ¢ 9
3 X = o = = = . -0.8 1.3 2.5 14,6
HAE drbst EAH core & ALg#] o} &t} Fig. 1
o] 3.9} A& Connecticut Yankee Reactor o] 4 ¢1& A o e
2H R FE PWRAA & 4 & A9 Wi Ml I 03
Al ool 4.3 122
+1.6 -0.0
—~ 2i00.0
£ +2.04
= 18000
z 15000 _
3 MEASURED ~CALCULATED o o
T jeonoll CALCULATED
s
= Fig. 2. Percentage difference between measured
vl 3000 . .
© I and calculated power in instrumented
g 8000 Z assemblies in the Beznau reactor
> 2000 CALCULATED
2 ool Ll L L & power density ] peak X o] & A F
* 00 200Ogooooeoé%%oo.oloooogoooo 140000 & 4XF 2o £+ José Cabrera Reactor o] w3 4]
E g vEgE By
BURNUP ( MWd/ MTU)

Fig. 1. Boron concentration as a function of
core burnup (Connecticut Yankee, first
core)

o] Lol A& burnup 9 initial stage & £Z 1o
A ol BH A4le) APAu} £2F AL bias F B 4
o9 EE initial stage o] 4] boron cencentration o]
HA %) FHaste 48 equilibrium o] o]2E Eqko
buildup =] &= Xe'*s9} Sm'e] 2J4 Aol 74 u
4l bias = boron 9] °F 50 ppm ©. 24 reactivity 2.4]
< 0.0040] 7}

Fig. 2¢]4] Beznau reactor 9] #%ofl t&]4 instru-
mented assembly o] 4] Al A%l power ¢} A G4 &
power ] percentage difference 3 M Qi) A X o =

240l
’ PCM=10""00
%00_
=6
g g
{"\o S.of- / a
° { D\ 4
I h ) 5 g
23.12.0- / A =
g L¥
£ / JMeasur
25eg 4 \ 58
[: 4
Sw J/CALCULAT 0 ox
L 40- /  GRID SUPPORT £3
p LOCATIONS
0,0 1' 1 ]

{ ! I
® c8Rrol® rble &°Postibn 2SR o3FP
Fig. 8. Zero power differential rod worth-Group
B José Cabrera reactor, Zorita, Spain
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S0 ¢] ¥ reactors ¢ Al control rod worth
2 A4 A KA d& AFHE vlzd 2o
Total worthell 4 1-& £& dXE uol7] MupEs &
A7t 5 & 4 ¢+ differential worth 3 v]as}7| 2 §
t}. Fig. 3¢l 4 Zorita reactor (José Cabrera Reactor)
9 control rod o] 2} ¥ AE MY oA AAH
APA Aole] oA AYLA o] Y& FEE A
o 714 o] A AYA] Fo] vehd fuel &
support 3} grids ¢ 98 FE31A. Fig. 4dAe
Beznau reactor o] 2:¢] part length rod &} differential
worth of H ¥ vl ZE 2+

40
3'0 n /‘\.,N
MEASURED J/ \
201 ’r J \
1ol- )/ _—CALCULATED No
: (WITHOUT GRIDS)
cO 1 | $ ]

[
POSITION OF GRID SUPPORTS

DIFFERENTIAL ROD WORTH (STEP)

-10

20

39 PCM:z10"0 &
PP T T T T T T 0 U 2

40 8 120 150 200 240 280 320
PART LENGTH ROD POSITION (STEPS)

Fig. 4. Differential worth of part length rods
in the Beznau reactor

AFAA A5 2 uzo] A Fx#fer g AL
o] &4 AAg $181A4 simplified model & o] & e
Aojeth. utd o] AT A4E T o] F& AYA
ste] dAE dg 4 A& EEoIt

(2) Core Performance

A4 By PWR = %] £-& power density & &
< 4 gl core high performance 7t 7153 FH
o] f-+ power shaping < $]3] control procedure & -]
2}3}9] 3L operator & guide 513 core performance &
monitoring 3}7] $}8] detection system & sf&§ H
A

Axial power distribution & o2 7§29 control rod
o] EAo] %A=+ control bank ¢ worth 7} & core
dA el 4 glew EE 2 distribution peak &
control rod 9] @ ¥R A7 =EF coolant 9
inlet 2 2¥] outlet 7+X] coolant density 7} FjE7]
w] %o axial power shapeo] W37t A7)+ d of ¥
¥ total core power 2| ¥ 3o A 9%} Power level
o] W& control rod 8] Y17t W7 wjfol non-

By LA REBa—# B i

equilibrium xenon condition o) o] r}A Ha o]z ¢l
3] axial peak 7} o Als|AA .

& Ao} PWR o] A = horizontal plane ol 4 &} power
spaping & ©J® &7 control procedurec] 234
o] E35}x] ¢ built-in designe] JEHA d&r}.

(a) Measurement of Axial Power Distribution
Axial power shape & £43l7] 94 oid 4%
AR FE€
single indicator 1} quantity 7} d.83}A4 A} ol& F
ol A “axial offset’s} ¥ & %& A2 &
o] of& core 2] upper half o] A WA 5] power 8} lower
half o] A WAH power 2] x}o]F total power of o g
percentage 2 eIl A et} 7] neutron detector &
AgA o] g AEd detector o] el core 9
fueled portion & A3} I core axis s} P A
A" cored obd § F FyelA Bz ek
signal & "o} 2 Folo] oA axial offset & 573
Lide

o] axial offset & core Wo A2 local heat flux
peak &} A Aoz AAH .o weh4 fuel & A
A8 BEE7]) 9% design limits} wlim FAEHo]ok
g+

Fig. 50 3% 22 limiting heat flux & locus &
axial position 3} peak heat flux o] #4224 ehd
Ae]t}. Design limit & coolant enthalpy 7} =& &
o2 zto] whe} peak heat flux o zZr]& 4o ¥
£ Jelgiel. 714 fuel rating limit 7} design limit

power distribution &} acceptability &

ENVELOP OF ALL POINTS
x
3 DNE LIMIT
w o —
-~
|~ ("20%A.0,
<t - -
e == % Ao Gy
x
T
W
o
1
BOT TOM CENTER TOP

AXIAL rOSITION IN THE CORE OF THE PEAK
HEAT FLUX

Fig. 5. Fuel design limits and envelopes of peak
heat fluxes

£ ¥A39 ¢] rating & DNB(Departure from Nucle-
ate Boiling) & 27x7A wj &) cored] 9 F F¢2
E A &% Farnn 48 4= A o] 239
ool 4= axial offset 7} 77 —20%, 0%, sl 20%41
power shapeol ©] ¥ peak heat flux o] envelope 7} ¥
AEe] el 20%8 —20% Aolel G i
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axial offset & 7}A) 3L core & LA E design limit
Hell Y& 4 4 A+

(b) Axial Power Distribution 2] Control

Part length control rod €7 ¢ ¢ 24 axial power
shape & Z=AsE 7 %o] part length rod o $ X <]
w}z} axial offseto] nu}X & & Fig. 6944 et
. gl=}. Beginning-of-life core o] ©j&] A ¢} burnup
o] axially ¥l &35} end-of-life coreol &4 ==z

HEAY AE 2AF Aol 474 F5F A2 part

20
S '0(_\
W oo
[a)
w END OF LIFE
S 4o
-4
S -20[~ BEGINNING OF
B LIFE
-30[~
-40 |
BOTTOM CENTER TOP

POSITION OF LOWEREND OF PART LENGTH
ROD BANK

Fig. 6. Typical effect on axial power distribu-
tion of moving part length control rods
length rod & 2% $xel& dl wsl o F F ¢
axial offset & axial power shape 2] x£A o] 7}%5-3lc}
+ Aotk 53] end-of-life corecld © % W&
cotrol o} 7}5¢& & & %+
7] 2] 79 operator & axial offset & A&z A
ol §A181%% dckele dFE AL vk
$)8) &g signal ¢] control board o] display =/
part length rod &= manual control o] 23] F-#z ).
o]} AalA axial offset & A7) A EFebd AFHoz
power 7} &3 A Hv EFo] s}4 & reactor irip ol
8 core & B3k s Aol YA HH
(¢) Horizontal Plane o] 4 2] Power Distribution
Core design-& optimize 3-7] $]3]4 & horizontal
plane o] 4 2] power distribution & flat 3}#] 3] oF g 3.
Optimization procedureo] &4 AAHE AE Fo
A Z£8% A& fuel enrichment 7} o}& fuel assembly
2] WA, burnable poison & wWiAstE X & o
part length &} full length control rod & WX &o]
. R AA el AL A& fuel loading ¢] symmetric
-3 BE control rod o] §tv}e] bank B4 2% 0]7]
o] o] horizontal plane o] asymmetry 2] qlo] & 9.
47} dvE glvh. wel4 burnup 3} rod
o] variable o] H &% ¢ Polni o] F& Asiae
o]E& o 2 A A3l power shape s} A cycle life & %

°lE

insertion =}k
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o A e Aol
Fig.7¢] Y}eldl 7212 horizontal power shape & flat

+
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d %R&l@\ &
1 i Rl W
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ol 2] G hel Re el Nel
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N EEERGE

ENRICHMENTS
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['6]numeer oF surNaBLE PoisoN
PINS IN ASSEMBLY

Fig. 7. Typical core loading arrangement

S8 QWA core loading & 3 ofole}, Fig. o)A
£ ulg AMNA peak power o] & 4], beginning-of-
life o] 4| control rod ¢] 4+4] 5 A plane 8 2}
assembly o] ®] & average power generation & o]&
Hoz A4 AL 2oz ek o
octal symmetry & 7}A 3 g1+

0} o
1%:‘\':

power plane -&

1191
|
110 1243
X—Y PEAKING FACTCH= (.40

124811235 {1285

N
1125{1255 1213 jLi9e
1216 [1isl 1183 |lo27 p22i
|
Lite [1138 {l059 [L029 {0865 [0.98!

100t fiooo |o933 Jo.ses [o799 josro \

Q.725]0782 |0.652 [0.520

TYPICAL

Fig. 8. Normalized assembly average powers in
a horizontal plane for a typical core
arrangement(unrodded)
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4. Current Practice In High-Temperature
Gas-Cooled Reactor Core Design

98] HTGR core £ WA A w5 column § o
hexagonal graphite fuel element 7} 7} £-& o] F2 ¢
t}. o]9} 72 7] ¥ design & Peach Bottom, 40 MWe
HTGR ol A&Hd 31 453 graphite-sleeve ele-
ment ol 4 wEAE Aolrt, 19724 ¢ commercial opera-
tione] A=A ol4gql 330MWe Fort St
Nuclear Generation Station <]

Vrain
core 9]+ hexagonal
block fuel element >} 7] &0} Ho] glejJA o] fuel
element -] coated particle ¢] fuel 24 Fof 9]t}

Fort St. Vrain (FSV) reactor o | & fuel element
column o] o§2] B¢ refueling region 22 1}%o]A
Q= 4 region & ts 7709 column .2 T4 =
sl wihd wlel core &) 1/69] refuel &}, 2+ region £
2 32 3% coolant &= orifice valveo] 98 =AsHo
valve 8] £ & power operation £o] r}&stt}l. Fig.
9ol FSV core 2] general arrangement & 93 Ro|i
At |

FSV core = 37/1 9] refueling region ¢] =Z}7} 27 ¢}
control rod & ZIAlZ Yo 6.3w/cm®e average
power density 2 414 Aol dA A< dA ¢
+ 93 2] HTGR 9] A & 8.3 w/cm?®] power density &

KEYED

Bl MLt BasE—% 8 1%

FE &2 3tn glew four-year cycle & refueling & of
el

Coated particle & % fuel rod Wo A7]& fission
product §- A o] 3] oF s} structural performance =
fuel particle coating ¢] <=5 @x AR Aol
AdrtEt U F =] F=2 23 it} Coated
particle 9] lifetime & particle &] temperature, fast
neutron 9 fluence (ZA15, T+ 9] A fast
neutron o] ZALEE sf4), burnup @ temperature
gradiento] 2|8 #-$g ). Lifetime € £3 coated
particle ] performance & %7}3}7] $)#4 & HTGR
2] thermal design 5} performance analysis & % wuj
short-term peak temperature 3 Zzjs]of & E&
o] A &} fuel lifetime & &3} temperature history %
Aok @

% @ 7}A HTGR core design o] 4 5wd w3
ok ¥ A& fast-neutron® ZAlo] 2% graphite
element 2] dimensional change ¢]c}. ¢] 8 8= &%
8} fast fluence o] 245+ core 9] side reflector o
Q1A & fuel element o] bowing A& Yo fuel
channel 3} coolant channel 2}¢]-§ 143l graphite
ligament W} §-2] stress & Z7}A] 7l ek

Zt fuel element ¢ temperature history & fast
neutron fluence history & ¢} $1# 4+ core design

PLENUM SIDE REFLECTOR
ELEMENT BLOCK KEY
TYPICAL KEY
OPERING FCR AND  KEYWAY
ORIFICE VALVE o iy D) SIDE REFLECTOR
, Y s e, HEXAGONAL ELEMEN?
CRIFICE VALVE Z > ?
POSITIONING HOLE R G N KEY
TYPICAL OUTER 4 W g CONTROL RO.
2H 8 : CHANNEL
REGION kEYway = 2 S Gy gy
F ﬂ’ <K / SIDE REFLECTO!.
RESERVE r ] BLOCK
SHUTDOWN ~ ; . i
CHANNEL L ™ KEYED CONTROL
ROD ELEMENT
==
ACTIVE CORE :
(15.6 FEET) | TYPICAL
SIDE_ REFLECTOR
et BLOCK DOWEL

[y
TYPICAL ELEMENT 4 & J
HANDLING HOLE ey £l

[

P

TYPICAL ELEMENT —
ALIGNMENT DOWEL

XEYED CORE
LUPPCORT BLOCK

J\ 5 ryl. ) A 5

BORONATED
SIDE REFLECTOR
SPACER ASSEMBLY

CORE BARREL

k-
~~_‘_‘}\ KEYED OUTER

CORE SUPPORT
8LOCK

TYPICAL CoLumn

ATING DOWEL

Fig. 9. Core elevation arrangement
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2} performance analysisZ & =] AAE physics
diffusion depletion A A4-& ok &c}. o]gA &4 o
£ o]&4 AL irradiation test 9 out-of-file expe-
riment 2 85 o1& datas} vlm A E Hojo} vt
graphite element ¢} stress-time analysis 2} distortion
analysis o] & % Z& whyig H g3 of I
Thermal performance analysis 5 & w3 coolant
flow distribution & 3jcj] Ho]4 thgo] o 24
£ 233 =998 Ax5) glook ). F orifice valve
2} o 8, dissipative loss, orifice-induced pressure di-
fference o] 2] & block interface o] 4 A 7] & horizontal
cross flow 9} heating, #] X interface o] 4 9ot}
graphite 2] A F 74} distortion 5-& 323 oF Te}.
AeF oz 434 HTGR Y performance & ¥ 7}%
wjo] &= a2 coupled computational method & 3
3] Algsof s ol® FH AT W& F Y+
performance ¥ R53l= AHAE A& 715 4] ¥

HAe AFHA A4 vz A EH okvl A+
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5. Fort St. Vrain Nuclear Power Station

o] Core Design Characteristics

Gulf General Atomic ol 93] 4] Philadelphia Electric
Company & $]8]4 =v] 3 Coloradoe] AT Y& FSV
power station -2 1971\d ¢ construction € 283513 19
7214 2% 8] commercial operation o] o] o] gl
k. FSV |43 93%. enriched uranium & inital
loading A] 9] fissile material 24 ¥u} o} &} subse-
quent reload - $] &+ makeup material 24 A}&3}&=
thorium-uranium cycle o] 2}E£& A o]c}.

Basic fuel element design o] 9]} Peach Bottom
o] 229l 7] cylindrical graphite element-& 7 23l
4 3 bulky & hexagonal graphite block -2 £},
o] blockeo] ¥ vertical cylindrical hole-g& %3
helium coolant 7} &%}, uranium dicarbide £} the-
rium dicarbide 4] ¥ fuel particle kernel & ¥4 &
pyrolytic carbon 3} silicon-carbide 28 coating -& 3

Table 3. Summary description fort St. Vrain HTGH

Thermal power

Effective core diameter

Active core height

Number of fuel elements

Number of fuel columns

Reflector thickness (average)
Number of refuelling regions
Number of control rods

Fuel lifetime

Fraction of core replaced each year

Fuel cycle
Initial loadings
Thorium
U235
Average power density
Average outlet gass temperature
Average inlet gas temperature
Core pressure drop
Maximum fuel temperature

Volume median fuel temperature

Volume median moderator temperature

maxmum fast fluence (E>>. 18 Mev)
Average fast fluence (E>.18 Mev)
Maximum burnup

Average burnup

842 MW ()
19.5 ft.

15.6 ft.
1,482

247

3.9 ft.

37

37 pairs

6 years

1/6

Uranium/Thorium

19,500 kg

870 kg

6.3 watts/cc

1, 440°F(770°C)
760°F(400°C)

8.4 psi

2, 300°F(1260°C)

1, 500°F(830°C)

1, 350°F(750°C)
8X10*nvt
5X10%'nvt

200, 000 MWd/tonne
100, 000 MWd/tonne
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A fission product control -§ ¥t} ©] coating & fuel
lifetime & 8 <£3A g3
contain & Aelgla o A3k qle}. o]coated particle
o] hexagonal graphite element o] %%l vertical hole
o] £o] glown graphite webol 3 fuel o] Eo7}l&
hole 3} coolant hole o] #2]5]o] gt}

FSV fuel element & reliability, simplicity %
economy 9] #do]4 ¥ o] basic design FFof ¥
ez gox g HTGR core designol4 Hol
A48 Ael#n 45t Yt Table 3¢ F8%
core characteristics & ¥A] sl 9l th

(1) Core Configuration

Active core & ©] 2 right circular cylinder 2.9Fo]

fission product &

w] equivalent diameter & 19.5 ft o] & vertical height
= o 15.6 ft o]} Fig. 1040 core 2] plan view 7}
yepi} gl.em core assembly 2] 3§ section & Fig.9¢]
Zo]7 v} Active core & graphite reflector 24 side
9} top @ bottom =¥ EMd I AA
steel 2. %l core barrel &of Eeo] §l¥dl lateral res-
traint &% 9} fuel column 3} reflector column & A
Aste AR5 =Hejgler. o] column F-@ radial key o
28] A} core 9] top plane 3} bottom planed] FoZ 3
Ao glet. Top key 9F keyway & 7 column ¢
axial movement & & §3t2 S AA ] v e
graphite fuel element &} thermal expansion 22 <13
A} irradiation o 28 contraction 2 2 ¢ 3} relative
dimensional change & .28 4 o]}

Active core & 247701 9] fuel column &2 o] Fojx
13 2} column o]+ 6712 fuel element 7} vertical 5}
A So] 91}k ) ¥4 fuel element assembly 7} Fig.

core &

Fuel bed

,'éhmcn' Configuration with
control poleon chanmels

BOR mLEse BTEHR-—8 & 1%

Steel core

barrol Replaceable side
reﬁcctor slements

Fyel zone
y

Relgtive age of

Active core tuel In region {yr)

doundary

Fig. 10. Core plan for the Fort St. Vrain
reactor

11o] FA S Q.

Fuel column -& 3771 2] fuel region &2 ol A 3l
4 7} region & 7784 column-g& ZIR =z §lch
core & 7}AAH & 549 column &2 3 region o]
671 9lv}. Hexagonal element®] Z¢lE 31inolw &
& 14.21n ] ¢}. Reactor 7} refueling & ¢} 3} shutdown
H4-¢ ] Z column A}e] 9] minimum gap & 0.04in 9]
.

7} fuel region & prestressed concrete pressure vessel

Grophite plug(Typ) Givlhopding

Dowel pin

A Coolant hele

Approx

S#aArA Dowsl pocket

Fig. 11. Standard Fort St. Vrain fuel element assembly
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o] % refueling penetration vt 2 i of ] X} =} o} gl v}
YA E7} A EE Eqto] o] penetration o control
rod drive & controllable orificing assembly 7} &
9lch. 7+ region 2] central columnof ¥ 37§ 2] parallel
channel 9] top reflector & -8 active fuel zone 7} A|
2 A e} F 72 channel o) & control rod ] &}+} A
o} gl&d) o] F 712 control rod & ¥ unit 24 2%
el+}. Al ® channel -& reserve shutdown material &4
boron carbide & At¢] sl o] A}&37. 2} region 9
central column & ¢ & E8id 2 U+ 6719 column
ouls] 7.5in v] R 41X 2 Hel YEu o]AL fuel
element 9] inferface of 4] shear motion ¢] ol 1%
A& AAsZ stk 2 fuel element & Fol = )
A2 dowele] glojA <& element s} FAAI &
o] A}-&5 o] coolant hole g & & wHiA dtc),

7 regiono] EoglE 7709 column & wt & 7]
graphite support block ¢]o] & gz}
Support block -& uniform triangular pitch 2 vl X] 5 ¢
9l i unformity ¢} stability & §A13}7] 98] key 24
A2 oAx=e] 9. Radial reflector+ F H¥o =
glo] 9t} Core & A R g+ HH-& replaceable
3ok o hexagonal o] A}Al AL
fuel element 8} 7+-& Z7)o|}, o] &2 column 2.2 H
o] Q1A= E-E& fuel hole o]t} coolant hole-& g1t}
o] reflector element = core 9] top 3} bottom o] g+
reflector element & 37 o]E3 <¢lAHE region o]
refuel & o replace ¥t}. Radial reflector o] F #] -
2. & replaceable reflector & 2|43 glor = 2ok
o BFA Ao 23 ¢fFA4l graphite block 2 2 5]
o] g+t

Fuel & graphite block o] So] gl&H coated fuel
particle 3 coke filter 7} 144 Y+ bed & FHol ¢
. ] ZA 9 element Foll = 21070 9] fuel element 2}
10870 2] coolant hole ¢] 91=}. Fuel bed &} graphite
block &} dimensional change 7} irradiation effect o]
s ArjmE ol® a3 coated fuel particle o]
stress 7} ZFEl A Al %= E bed o] design
criterion o] A3} =}, Coke filter &= fission product
strontium & &5t E2& F7] 434 fuel bed
of 4o gleh. ole} o] 715k fuel element design
2 fabrication 3} assembly & A 3}

(2) Graphite

Fuel block 7} reflector block of A}-&-5 3 Q1+ gra-
phite = grade H-327 @} ¥+ conventional nuclear

aln gm

hexagonal

reflector element Z.4]

unusual

grade extruded needle coke graphite o] ¥}, o} graphite
+ extrusion axisel] H& 3 WFH A o] &
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A o] ¥+& anisotropic characteristic & Z}Ax 1k
Production material 2] mechanical property += design
requirement 3¢} v £& A%& 7pAx 9lth. FSR
core o} A} o BE
exposure condition o] 84 fast neutron fluence =l
F-of graphite o} 33} 4= w3 mFe] contraction
o] dolgd AL mHsok drk. ojul fuel element o]
A EA] maximum shrinkage += o] 2 3 8] 9}3k(axia) o
2% 3%, 233 $3 B (radiaD e 2+ 1 %7t 4
EES

Block W] ¥-¢] temperature gradient $} flux gradient
W] o] 53] core edge ¥3o]AE 2 AN block
bowing @A Are] dold 4 ¢lt}. maximum bow
e 0.15in 2 A AF=]o] glr}. Fuel hole 3} coolant
hole 5-9] 2] local temperature gradient 2 Q18] gra-
phite block ] ®-of local stress 7} gdold 4 l+d] o]
- irrational contraction ¢] &x.¢f wte} % 7] ui
o]}, o]s}e ligament stress& fuel hole &4 of
A& tensile ©| Z coolant hole &4 o] 41 & compressive
olt}. o]& gl stress £ YAEI ¥AFU i} shut
down F & o ¥ & 4= o2& shutdown w&
thermal stress component 2} contraction stress &}
Az Hrbg e 7 o foivh ey Aake] s
peak stress & 7 XN.QFA graphite material tensile
strength 2] 44X 2] Axle] slg & Aol

(3) Coated Particles

FSV reactor 9] 7}4 =&l feature %9 &lvbst
fuel element 2.4 TRISO & %8l & coated particle &
2 Rolr}, Fig. 120 39 2 A FSV reactor o] &
% 714 typee] TRISO particle o] &4 ZRoltd. 7]
7} =& fissile particle 2 thorium carbide 2} uranium
carbide 2] mixture & Hoix =77} o] F fertile
particle o} & thorium carbide uke] Eo{glc}l. o] par-
ticle & u] A9 coating 2.2 Fe| 44 3= A ¢
Zo] layer = FHo] & pyrolytic carbon &2 o]
9lo] 4 fission recoil & &4 L1 gaseous fission pro-
duct & holdup @ space & utEeo] Fvh z2#A o]
layer & buffer layer gt &5, 2v}& layer v 1
%7} & isotropic pyrocarbon & & =of gla o vh&-
ulZ layer & o} gk& silicon carbon o2& FHo] ]
o}, o] A WA layer: metalic fission product & %
Ay FAA7A g G wbg layer & o} &
=43l isotropic pyrocarbon layer 24 AA coating ol
B3 ZE5 ATt 933 dimension ¢]- Fig,
120 Folx v

Manufacturing experience o] 2]}

%]1#] temperature condition 3}
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B HORE BRAB—8 B X

FISSILE PARTICLE

FERTILE PARTICLE

The, /UG, T™e,
100—300, Kernel diameter 300—6004
50 Buffer coating 50p
204 Isotropic pyrolyticcarbon coating 204
20p SiC coating 20
40p Isotropic pyrolytic carbon coating 40pu

130 Total coating . 130z

Fig. 12. Fissile and fertile TRISO coated particles

fabrication Fojl 0.5%¢]135}¢] particle coating o} 723
€ 2AYdt. = irradiation testo] s 1%¢]5)
9] particle o] 1x}2 3 Fol coating integrity &
slA] ®< 3.9} Primary coolant cleanup system $-
AAY w fission product activity ¢ criterion 224
core AA A 5%9] particle failure 7} o]}z 74
2@l % fuel regiono)4 maximum 10%2] particle
failure 7} ol vt AAYUEE A 31

(4 Fuel Management

Fuel cycle & urainum 235-thorium cycle & 7] o.
2 st4 thorium o] 4 Q& U-233¢] &3l recycle = %
g5}, FSV reactor o Al & graded refueling ©] A9
=Ho} fuel lifetime & 60]9] wWhd < 1/69 corer}
replace v}, Fig. 13¢] FA & upe} o] o] plant 9
lifetime & %3 Holx F s§9 operation mode 7} &
Asel A F

(a) Non-recycle operation o] A= core 58 o

- S'omqsewm“ Re;'m Relire
Th Retire 32+F
232 ThyatP g 4 | 1 s { o T'§32+Fpt_ | Thas2
| o D |
) L_"'
Uzs | U3z Urss Ya33

" Retire
(Fission Teli s e
Products}

WITHOUT RECYCLE STARTUP RECYCLE RECYCLE

Fig. 13. General scheme for the fuel cycle to
be used at Fort St. Vrain invelving
two modes of operation

';3: hadloze l (u_-_”_z;;“;' ‘ Uz3s
+FP 235 “yF

J fuel & storage o] 2o} 4] reprocessing 3} recycle &
7)e}gl e}, Core operation & fresh fully enriched fuel
+ Aoy A4H

(b) Recycle operation o] A 4= core -8 Eo] i fuel
& reprocess 5 o] U-233¢] &83 makeup U-235 9 &
7 feedback ¥ v}.

U-235% U-233¢] w3 o-& Al 7R o] fell 4 fissile
fuel 24 Eelsief. 3 U-235% U-233¢0 wjs] absorp-
tion¥ 10% H& %2 neutron-& yield tvh. F
U-235 atom 9} fission rate &= U-233 atom Rt} A
¥ &xo] sensitive s}t}. wlx]uteo 2 U-235+& nentron
2] radiative captureo] &3] A3 ok U-2362.%
W@, o] U-236< w4~ & neutron poison o]=
AAZ e ozl V¥ o] buildupH £+ AL %)
48] 4 Fig.13¢9] 1A ¥ 2 A % makeup fissile material
ZA AL U-235% recycling A7) A gk}

Fissile particle 3} fertile particle] 37]& =4
g 21 & residual (spent) enriched uranium o2 3§
U-233% ¥3et7) 494 37 9. U-233¢] g3
ar)7} & fertile particle & U-235¢} U-2360] ©tx =
7171 #-& fissile particle 2 38 Re57)7 . &
particle o] breed & U-233-% reproccess 5}oJ recycle 2]
4 4 3 7 particle & re-enriched A 7] £A) retire
A 4 9+t 6419 residence time g 917 <lHA
uranium 3} thorium loading € o] 7}IA & st=d] B
22 C/US C/Th ratio & =4 ¢oz2x 71531 &
7A@ design loading & % F 7MAE a4 23
gdr}. & w]2A AL fuel loading & $AF o2 3
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Table 4. Typical fuel mass flows in Fort St. Vrain HTGR
Time (years) 0 1 2 3 4 ! 5 6
Fuel loaded (kg) '{
Thorium 19,500 | 2,360 2, 360 2,360 2, 360 3,000 2, 360
U233 0 | 0 0 0 0 0 0
U235 870 | 170 200 220 220 230 200
Fuel discharged (kg) z
Thorium 0 | 3350 3, 300 3,070 2, 830 3,360 2,760
U233 0 30 50 60 60 80 70
U235 0 70 50 40 30 30 20
Total Uranium o | 120 120 140 140 160 130

= fuel cycle ecomonyo] wigt zeje} wjms we
loading 3} #-& cycle time & 2340 2 7 5= power
peaking o] ¥ =zl E AAF z=HTFoZA design
loading -¢- & g}, Equilibrium cycle & ¢ 84 u] 23
ZF& thorium loading (C/Th=225)%¢ A& sl3 ¢}

(5) Approach to Equilibrium

Approach to equilibrium o] 3} yearly fuel require-
ment £} physics characteristic o] A s}A] HE « 7
A9l period & ek FSV O A$-E£ 63004 79 #
Eolr. of7]4 ALHE graded fuel cycle?] z:$d

A& initial core 9] o]y L2 equilibrium burnup

7} Table 5 o] EA1 5o Sled G714 B vps} o]
TRISO coated particle 9] integrity 7} &% o] 45
Hol ot Coating W3] stress & A7 424 A
A o A$3 analytical model & 3B & fuel
A 37} Engineering Test Reactor ¢
Peach Bottom Reactor o 4 3§ &1 irradiation test data
9} A& correlate 5] & gkt

Graded fuel cycle -& A}F8-35}A] =W fuel o] X Heof

performance

Table 5. TRISO irradiation tests demonstrat-
ing successful performance

o182 7] WEe] 2 A5} fuel cycle cost o &8 irradition test conditions Resultfs
Ak Aolw olst 2e e Foll AT T B (y [Fast flue diNﬁ%r‘,’éoif_
E2A initial loadingw oJ® fuel zone ] fissile 'II:IeoSt ’I;frrgg,eg)lt_ Bu(r%)up eV ating suc-
content & £F A} AQ Heol AAHE Zoneol ’ Fiba | X000/ a2
uranium 9] ¢ H4£2 Y3 2 e Hoju: nce
zone o] £ extra thorium-g& o] C/Th=180% %= P13F | 900, 1200 13 2.8 11
AYolet. ols} o] 4 A& Bl 599 peak fuel P13H | 900, 1250 29 4.3 9
temperature & A & 4 9lv}.

Approach to equilibrium € $1%t fuel mass flow 2 P13J 10001300 17 38 i
HEH o7} Table 4o TA50] b, P21 |900,1200| 17 4.3 11

(6) Fuel Performance P23 900, 1250 13 2.3 18

Average fuel burnup-¢ 100,000 MWd/tonne o] FR-1 § 550,875 22 5.3 5
peak burnup & 200, 000 MWd/tonne o »}%}t}. Fissile FR-2 | 550, 12000 7 1.0 10
particle W] 2| heavy metal atom & o}x 20% HE F R-3 | 600, 12000 7 1.3 10
7 fission & d.e4 Zlolt fertile particle o A3 P20 |900.1150 | 27 8.7 10
7% °13}°] metal atom o] fission-& <o o] o}
Maximum fast neutron fluence (E>.18MeV) = 8X Total Up to Up to Up to 95
10%/nvt ojn B #R & 5X10*/nvt o] v} Irradiation Test 1300°C 27%, 8.7X | Successful
test -§ reference fuel o =3 4 maximum fuel burn- FIMA [10*n/cm®| tests

up, maximum fast flux exposure @ peak temper-
ature ol 35t A T AF EANow
=] 9+ datad oln] QAYw}. of test A #4] summary

(1) Fissions per initial metal atom.

(2) Each sample consists of 2000-3000 coated particles,
each of which is examined before and after
irradiation.
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a8} ager} A2 & fuel element 7} 5o} ¢ region
o] dA3sA "k Fig. 10¢14] 7 regiono] A %=
e ojd EF Azo]4 2 regiono] EeIYP+E fuel
element 2] 41X <) age & el gie}h. o] ghpe]
age} ;222 9l region @ macroscopic fission
cross section o] A& T2 3 u}e}4] region boundary
Al power density 7} £9440o] e} o] effect F
age peaking o]} 3}t o] =) Fo] gross radial pea-
king factor 7} <F 1.4¥) F7}8}. ozl ® ager} o
€ regiong WIXE w Ko ¥ HL average
value o] A A5}3] & reactivity 8 7}A region ¢]
AR QAo z4 WAEE flux distortion & 43
o2 FolxE Ay o} st Aot}

Horizontal power distribution-& flattening &}%} 7]
#1381 A uranium loading ‘& radially zoning & % o}
g} thorium ¢ k- =AH3}EA zoning T2 4 burnup
o] =&} power distribution & stablize A]gle}. Fig. 10
oA el A} o] radial zone < oz F AL
gross radial peaking factor % 1.65 o]s}& =& 4
& =H o]}

Gas~cooled reactor o] A4 7}#} o] A4l axial power
distribution & coolant inlet 2 %%} outlet end 7} A 7}
43+ exponential form o]t}  ¢] shape 2] power
distribution -& 44 == fuel column ¢} A Ho|F u}
2} fuel centerline 9] %7} A4 He. e
o2} 22 shape & 7] A& wwte] extensive &
fuel zoning o] M 43514 > = A3} unzoned core ol
v 8] neutron leakage 7} £7}8}A H =}, FSV reactor
A4 F719 axial zone-& A1-&¢ AU o]+ power
£ inlet &2 3 shift §}vd] F¥89 neutron leakage
E F7HAIAA ghe] el A

Core 9| inlet end Zo) #X 3 orifice valve & A}&
84 7} fuel region o] E¢]7}= coolant flow & =&
3}, 7} orifice value &= reactor control room ¢ 4]
E7A02 F slvt o] valveo] 9& coolant flow 5 =
Aoz BE fuel region 28 L+ exit gas 9
€57 A9 dA45%=F g}, mean inlet gas tem~
perature ¥ 400°C ¢]=] mean exit gas temperature

770°C ¢]}. 7} fuel region o] exit channel o] ther~
mocouple assmbly 7} x| 5l o] §le}.

Al Akl 2] &}l maximum fuel temperature ¥ 1260°C
o]u] maximum graphite temperature = 1040°C¢]+}.
Fuel temperature ¢} graphite temperature 9 peak =
Jduld o 2 core 9 coolant exit end & core & bottom
o4} dolile neutron dose 2] peak = heavily loaded
] core 9] top half o] 4 o]},

BhE mogst RaEm—8 B 1%

Core 9 reactivity requirement & A¥nw }23}
Z-& catagory 2 Yol Ayl

(a) Operating temperatureo] X=gste E
reactivity loss, & temperature defect ¥ dj¥H oz
ok 0.05 dk/k,

(b) Xe-135%} Sm-1499} 7o) W] saturating &=
fission product 9] high cross section & equilibrating
A7l ed] £ 25 & reactivity loss & o) % 0.03,

(c) Xest SmE A9 3 fission product 8] &# 3}
fuel depletion o] 2]} reactivity loss & &1 equi-
librium cycle Fgte] <} 0.09,

(d) Pa-233 4 buildupo] whZE reactivity loss &
< 0.03
o1k o8} & reactivity requirement control
rod ¢} burnable poison o] 2]8] 3| {c}. Burnable
poison & BiC form ¢] natural boron-& A}-§ 3}:=u}
fuel hole <f] fuel particle 3} &7 4 ¢ Y71} graphite
element W2 53 holee) ¥AY ¥}, Brunable
poison 9 reactivity worth & equilibrium cycle 9] &
2] & 0.07 24 fuel depletion 3} fission product
buidup off W& reactivity loss & cover 5}7)o] &85}
=}

Control rod 9 total work & ¢F 0.22919] o]x & %
3] temperature defect, Xe 3} Sm ol 2|3 reactivity
loss, 9 Pa-233¢] 213 loss% cover &v}. Extra &
3-& control rod worth &= maintenance ¢} safety &
£1% shutdown margin & 24 A2},

HTGR o} 4 9] temperature coefficient & fuel coe-
fficient $} moderator coefficient 24 o] F-o] =},
Transient situation o A3 fuel coefficient 7} prompt
reaction & 2o]w o] coefficient 9] A 9| A%} thor-
ium resonance & broadening A}7] = Doppler effect ¢}
A . $A 504 fuel coefficient= —3X10
“5/°C et —4X107/°C Aole] & Ztevh.  Negative
oje] 2 @At Fol FEH . Moderator cofficient
& graphite 9] thermal capacity 7} 2] w) & trans-
jent F-oto] W] z&51x] ¥} Moderator coeffi-
cient 8] F3 A ¥ thermal utilization factor®] 2
Eo] g wWded 2:d 2 279 sign & fuel
management mode o] w}2} plant & A lifed 3 =
et U-235% moderator coefficint off
contribution € #H&u wE U233 = yigoj=g
fuel management & non-recycle o 4] recycle & v}3
3L U-~235 2} U233 A A<4l concentration & ©} %
o 24 moderator coefficient+= negative oj]4] posi-
tive  u}® 4~ qlc}. Fuel coefficient 2 moderator

negative
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coefficient 9] 34+ isothermal coefficient 24 A A
Al full power operation ¢ o9 condition 3} & %3}
AAE o] & Helx o —2X107°/°Cx= FA a=
E AA sigle

6. Heg

o] 4 Pressurized Water Reactor (PWR)S} High-
Temperature Gas-coold Reactor (HTGR) 2| core
design o] §lel4 8] EAAES zheks) ae wgch
F v AR AY THEE AA] A
nuclear designer 9] computational ability 7} A4 ¢
LT glon o]E{ ST s o] W] FAle)
2 YE FHAY JEAE FoEE YR ERQL
A & Aolel. o 7oA 2AE nuclear power rea-
ctor = thermal reactor o] 33§ 3} A 4t ¢]&l reactor
o AdAG 2ARAA @& AF A5 AYL Yoz
fast reactor 1} breeder & AFq]d o] B TG
g ot

& A thermal reactor core designo]4] standard
problem o & Holzle £A £ 3luE oz Edg
material distribution ¢] asymmetric ¥ %} ] thermal
feedback 3} hydraulic feedback effect-E 3L 34
time-dependent three-dimensional neutron calcula-
tion g & cksle Holth Ao FAzA g4 )
gE AR coreol4 4ol o8 7tA A4 EH
R &stA A Asty] 184 nuclear design method 7}
A4 v B3d A # Aelge Holq

Core ©] physics design 3} analysis¥ normal ope-
rating condition ol vt SRS A % core o safety
analysis o} 4] 3@ ¥ ojof 3}& abnormal condition
E 2ok g, oleld AL equipment 7} mal-
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function & 3% c}EA] operator erroro] & o}
d 4 e Ao, o8 5o power distribution &
NA3t7] S8 A operator 7} AHgste o8 s 47
< FAlo] power distribution & %43}A7]E Fotor
AH8d 4% g1t} Operating PWR o] w4 utx=A
2] 8] of & physics calculation o]} A% Fof4] 2}
| ] & &4 Xenon o 2§ spatial power oscillation,
Z}219] control rod o] A 1A A Welkg A Fel
P A 3§ core protection system o] A A4E s1F 47 9
T A8 J1A test o} A S EFE 5 A

el 2] commercial HTGR design o4+ Fort St.
Vrain (FSV) reactor o] 4] A}-£3% hexagonal graphite
block 3} 72 close packed array 9 fuel column o] A
LA A4E oy nHoldd, FSV reactorof4] 29
fuel element simple 3 ¥ ] fabrication} reprocess
S A AFd AAH o] 5o A nr A4 o
o} e 39 fuel element 7} Ak ZAojvl. Particle
coating ol 2] § fission product control & core design
o] 9lo1A A+e}dl simplification € 7}A $ 3 maximum
expected exposure condition o4} 3¢ irradiation test
data = particle o] $17}3}3 reliable -2 9 Z5-9 o).
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