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(Mark-III core nuclear characteristics)
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Objective of the Mk-III core design are increase of Reynolds number,
increase of shutdown margin, realization of excore instrumentation and
adjustment to structural design, which have remained in Mk-TI core design.

The Mk-TII core has satisfied the design criteria, though margins
are not so large. Nuclear core design of the Mk-III and its nuclear
characteristics are described in detail.

Through the present study, design limits could be revealed of the

VHTR core using pin-in-block type fuel elements of hollow fuel pins.
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Table 2.1 HNuclear design criteria

Ttem

Value

Comments

(1)

(2)

(3)
(4)

(5)

(6)

(7)

(8)

)

Fuel enrichment

Atomic ratio of
carbon to uranium,

(N /Ny
Fuel dwelling time

Control rods stuck
out

Core shutdown margin

Maximum reactivity
worth of control rod

Reactivity compen-
sated with burnable
poison

Researve shutdown
system stuckout

Reactivity compen-
sated with researve
shutdown system

Below 10 w/o

About 300

Above 2 years

2 rods (pair) at
operational state and
1l rod at refueling
state

Subcriticality
>0.01 Akgfs

0.035 Akeff at near
critical state

As low as possible
and the reactivity
recovery with burnup
is less than 0,015
Akeff (target)

One group
Excess reactivity

except that for burnup
compensation

With same value in one
fuel element

With 807 load factor

Control rods of pair can
be driven independently.

With 10% error for the
calculation of control
rod worth

Value for single drive
mechanism

If it's severe, it can
be modified
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Table 2.2 Nuclear characteristics of Mark-III core

Reactivity balance (Akaff)

Temperature
Xe & Sm

Burnup

Operational margin
Irradiation test

Shutdown margin

Power density (W/cm?)

(Mean/Max.) {BOG
EOC
Power peaking
(Total/Axial/Radial) {BOC
EOC

Neutron flux (x1013 n/emZs) (BOC)
Mean/Max.
Group 1 (20.18 MeV)
Group 2 (0.18 MeV ™ 2,38 eV)
Group 3 (2.38 eV v 0,65 eV)
Group 4 (20.65 eV)

Burnup (GWD/T)

Mean/Max, (Blockwise)
6 w/o E.U
{4 w/o E,U
2 w/o E.U
Temperature coeff, (x107> AK/K°C)
Fuel /Moderator BOC
Beff/E(S_l)
BOC

Fuel dwelling time (days)
Shutdown margin (&k ce)

{One pair and one rod stuckout)

Excess
reactivity

0.05
0,05

0.225
(0.02)=*

0.01

Control
rod

0.08
0.035
0.045

0.01
0.01

0.16
{cold)

2.2/5.4
2.2/5.90

Burnable
poison

-0.03
0.015

0.18
(0.02)*

2.45/2.11/1.16
2.68/2.25/1.19

3.61/9.36

4,25/10.6

21,0/33.8
22.2/34.,3
5.8/11.2

V3 fumT

v 10

620
0.042
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Table 2,2 (Cont'd)

|
Maximum worth of control rod (&keff) 0.016

(Power operating state)

Shutdown margin of RSS (Akgff) . 0.075
(Center RSS stuckout)
Reactivity compensated with burnable
pOiSO'ﬂ (Akeff) 0.165
{(Cold-clean)

Max. recovery of cere reactivity _
(bkeff) v0.02

Note: 1. Reactivity balance is based on the initial
{(cold-clean) core state.
2, % indicates reactivity value compensated with

burnable poison at EOC.
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Survey of precedent
designs, material
data etc.
|
I__—___—_T__“"—_]—_T_“—“_" -
|
!
| Parametric study Parametric study of Reactivity
I of fuel elements reactivity control coefficient survey
| elements
I
I
Manufacturel __ ___ .-
Iproperty 1 I
° | Planning of Planning of Core kineti
uel element reactivity contro
I fuel el tivity 1 urse €S
| dimension element dimension s Y
. I
L
1 |
| e ——— —
i I
| I
¥ {
Study of Study of core
core burnup thermo-hydraulic
characteristics characteristics

I |

Fuel charge/ \\\1
discharge plan

Orifficeing plan

Reactor
structure design

~Pressure
vessel design

Fuel structure
design

Core structure
design

Control rod ‘\]

configura—~
tion

programming scheme

Evaluation of core performance
Reactivity
Power distribution
Neutron flux distribution
Burnup
Temperature distribution
Coolant flow distribution
Radiation heating
Others

~ Neutron shield-
ing design

Fig.2.1(a) Design proéedure



calc. of atomic
number density

NUATOM

DELIGHT-2,3,B

burnup calc.

0-D, multigroup, cell

GGC-IV
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SLALOM
1-D, few group,
transport calc.

{Group constants)

ANISN
1-D, SN calc.

0-D, multigroup, cell

spectrum calc.

WIMS-D

1-D, multigroup, cell
burnup calc.
(Diffusion and SN)

DTF-IV
1-D, SN calc.

TWOTRAN-2
2-D, SN calc.

BRIQUET-1M, 2M
1-D, few group,

nuclear-thermslydlic
coupled core

burnup calc.

3-D, few group, core
critical caleg.

GATT

FEVER-7

1-D, few group, core

burnup calc.

ZADOC-3

2-D, 2G,core burnup
cale. (Refueling)

GAUGE

2-D, few group, core
burnup calc,

Fig. 2.1 (b)

1n3D, few group core
critical and burnup
calcec.

CITATION

REDEL |
Auxiliary code for

macroscopic cross
section model

CITLIB
Auxiliary code for
microscopic cross

section medel

[:::]used in this design

Nuclear design code system,
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check calce.

DELIGHT SLALOM
Production of macroscopic production of macroscopic
cross section for fuel cross section for fuel
elements without contrel elements with control
rods rods

CITATION (X-Y) < CLTATION (R~Z)
Analysis for core shutdown Analysis for axially
morgin and radial patterm inserted effects of
property of control rods ] control rods

Conltrol rod
programming scheme

CITATION (Tr-Z)

Analysis of nuclear char-
acteristics for initial
(hot-clean) core state

Fig. 2.2 Procedure of the analysis for initial core state.
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Calc. of microscopic
cross sections for
nuclides
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CITL IB
Cond. of energy grou-
ps for microscopic
cross sections

SLALOM

Calc. of space shield-

ing factors for B,C,
Hostelloy-X

CITATION
Crifical and burmup
calc, for reactor core.:

Fig. 2.3 Procedure of core burnup calculation with microscopic

cross section model.

DELIGHT-B
Calc., of microscopic cro-
ss section for nuclides

CITL -IB
Cond, of energy groups for

microscopic cross section

Routine of burnup calc,.

[ﬂaterialwise

!

Library lmacroscopic cross :
| section sets

/ T -

REDEL CITATION
Critical and burnup Critical and burnup cale.
calc., for fuel lattice for reactor core,

- T T

| Material regionwise
power density and !
flux ;
—_— -

=

Fig. 2.4 Procedure of core burnup calculation with macroscopic cross

section model,
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Table 3.1 Number of fuel columns in core and controllable
reactivity with control rods

I I
= % Control rods; | Control rods; | Control rods;
i | Non All inserted | All inserted
Case | No. of ;No, of | No. of except center
No. | fuel lstandardt control : | pair |
column ! column § column | K l |
} | | eff | ? keff | P
| | kegr | P | Meeff | o | Mkegg | Oo¥
i - i
. 55 1 s e 1.0901 | 8.3 | 0.8093 | _23.6| 0.8795 | -13.7
|
| g ! 0.2808 | 31.9!0.0702} 9.9
i H 1
! 1,0929 | 8.5 ,8120 | -23.2| 0.8800 | -13.6
) oo | ose |7 0929 | 0 1 0 Oi .
| { } 0.2809 | 31.7| 0.0680 | 9.6
L e | eo | g | 10997 8.1 0.8175 | -22.3 0.8823 | ~13.3
[ ! f 0.2822 ] 31.4| 0.0648 1 9.0
A a1 e |7 1.1068 | 9.6 | 0.8240 | -21.4 0.8865 | ~12.8
|
| [ | 0.2828 | 31.0| 0.0625| 8.6
s gs | 7 i 13 1.0918 } 8.4 | 0.8021 %-24.7 0.8573 %-16.6
:
; ! | 0.2897 | 33.1{0.05521 8.1
. o | 78 T 1.0947 | 8.7 | 0.8064 | -24.0] 0.8593 I -16.4
' I
! | | 0.2883 } 32.7| 0.0529 | 7.6
o1 s 1 90 i 19 1.00991] 9.0 | 0.8167 | -22.41 0.8645 | -15.7
: ! 1 ! 0.2824 | 31.40.0478 | 6.7
I [ i
s | 121 | 102 1 19 1.1018 | 9.2 | 0,8261 | -21.1| 0.8689 | ~15.1.
| | 1
! 1 | 0.2757 | 30.3]0.04281 6.0
| l - | -
9 57 L os1 1 e 1.0894 | 8.2 | 0.8075 l 23.8 | 0.8726 | ~14.6
| 5 | 0.2819 | 32.0| 0.0651 1 9.2
1o 6o i . i 12 1.0947 | 8.7 | 0.8161 | -22.5 0.8779 | -13.9
: | | 0.2786 1 31,2 | 0.0618 | 8.6
(Note) 1. Nuclear group constants in Mk-II core are used,
2. Calc, with CITATION; 2-D, X-Y, 16 mesh/block., Het-clean core state.
3. Width across flat of fuel element is 30 cm for case 1v4 and 9Vv10,
and 27 cm for case 5V8.
4. Core height is 3.5 m.




‘UOTIRIOOTEY 3102 (-g uo paseq ST (0Z) (TIT)
"UOTIE[MOTED [T92 Wo1j pessand axw (gT) Pue (1) (TT)
*I1—WH utr @spow SUTDTITIO pur UOTINGIIISTP asmod 2yl uwo poaseq aa® (/1) Pue (91} (1) (@30M)
64%0°0 614070 | 29070 | 529070 | <290°0 [GB90°0 |S890°0 | S890°0 | L0L0°0 |L0/0°0 | 6790°0 Ay §poi ToI3uocy
, ated Jo yzios unuwixey (0z)
Yy £y T4 8 ¢ 0t 6°2 €€ € ¢ 672 9'¢ wai[g*o=1]2ur1 Suriresp 1ond (1)
1167 T 76z T | wze 1 | 9ve° 1| eLe°T | g€z°1 | TLZ'T| 662°T | TTE'T eZ T I3 (81)
06CT 062T 8ZT €81 TOET 78¢T 1821 16T %OET 87T 87T J, =2Injeiadwol rong wrwIxeH (/1)
| 0sgw | GOy | 00it oooq-.-l.oomq 006¢ 00zcYy 00y 00045 | 005t 009¢ Isqunu oy wnuTuTH (97)
/GEC FLTEBYTU/CLE) L LTT/CTY[EEOT/SSE |698/%6T | L6/ [0E[YLOT/SHERYTT/CLE68Y/E6T | 68%/€6T (Toaauon/paepueys) N/ON (¢T)
m 692 T4 862 6°ZE 1y ANTY g'og T°%¢ 9°0% VAA 617 HH-3/2 asmod 2TIT22dS (HT)
: Z1°z 0z z 0z°¢ 07°¢ nz°e £9°'¢ £9°2 €9°¢ 76°2 76°C 0z°2 29/m A3Tsusp 1amod (¢T)
; 8°¢8 9°86 < 19 c Ty ¢'T9 Ly L4 Lyt 8'cg 6°£S GOy M3 Iomod SSTATPUUEYD (77)
166 L0S €18 €18 €18 699 699 699 L6C LZ6 1421 sTauUURYD Tany Jo iaquny (TT)
. H @ ﬁmm.doq.w 6v° 1 6%°'T 6% T 6% 1 £9°T £9°'T £9°T T4°1 TL°T 0E°T a/a (oT)
® (c6°9)ol’s 0L°¢s G/°S GL'G €L°s 05°¢ oe’s 05 S 0g’s 0€°¢ GL s w  T9ssaa aanssaad jo ta't (6)
M (96°7)%1°2 0L°¢2 69°7 | 69°C 69°2 95T 9%"'Z 9% °Z E'T | %E°T 69°¢ 1 (q) zeraweyp 2100 *by (g)
: m 0y ¢e | ow () 3u8TRY 210D (/)
_ = olT/6T 109 ¢9/CT) 19°c9/L 19974 1 9e9/L109°297L | 59" 29/L| 99°29/¢4] (91971 |09 19/L Ho.mi« (1032917329/210))
: 1€ T4 6T 6T 61 61 6T 6T 6T 6T 6T sated pol ToI3uUOD Jo I9qUNN (9)
m 60T Té €L €L el 9 1A 19 €S €q €L suunyod T8Ny jo Iaquny (g)
*surd ¢/9 103 wm g ‘sutrd ¢/z7 103 wuw oo ‘surd 6/8T A0] ww g :9TOY pol TOIIUOD JO IDJJMET(]
‘um ¢ toToy SurTpury Tan] Jo ‘BT ‘uw T'Q (9A09Ts pue joedwod usamjaq deg ‘uw 0z ‘mof3 ueT00D JOJ UIpTM dedy
0'0¢ 070t 0°0¢ 0°0¢ 0°'0¢ 0°D€ 0°0¢ 0°0¢ 0°0¢ S LT g LT o/A uoT3ora] Jurised (v)
08 F - ‘ : 0"/ . ‘30edwes Jo sSOW{DTYL (L)
1 o9 g9 6% oy oy 8¢ ns 1€ 6% oy St ww 243978 0 *0*0 (7)
u 02 0ie 00€ e 1813 $80198 YIpIM (T)
IX - X XI ITIA ITA IA A AT III 11 {II-aeW)1 | "ON @SE]
€/9 ‘ ‘ o €171 6/81 %0074 ur surd 3o ‘o

i §DT3STI1930B1IRYY OTTNERIpAU-TRWIDY] ‘Ie9TORu puk III-YIEH IO UOTINIFISU0D 3100 TETLL '€ o198l




JAERI-M 8293

Table 3.3 Region No. and macro-library

Region No. { Material & position Block T (°K) T, (°K)
1 CB(R)
2 CB 950 600
3 E =6 w/o 5B
4 CB(R)
5 CB 1050 900
6 SR
7 CB(R)
8 E =4 w/o CB 1200 1050
9 SB
10 CB(R)
11 E = 2 w/o CB 1400 1200
12 SB
13 CB(R)
14 Ax. Top Reflector CB E— 673
15 SB
16 Ax. Bottom Reflector cB E— 1273
17 5B
18 CB(R)
19 £B — 600
20 SB
21 CB(R)
22 Rad, Removahle Refl. CB 900
23 SB
24 CB(R)
25 CB SE— 1023
26 SB
27 CB(R)
28 CB E— 1200
29 . SB
30 Rad. Fixed Reflector SB —
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Table 3.4 Material identification number in library of
microscopic cross section sets

Lib.1 ~ Lib.8% Lib.9
(core) (Reflector)

No. I.D No. Nuclide No I.D. No. Nuclide (°K)
1 5 U-235 1 43 A,T.C(R) 673
2 6 U-236 2 44 AT.C "
3 8 U-238 3 45 A.T.S "
4 9 Pu~239 4 46 A.B.C 1273
5 10 Pu-240 5 47 A.B.S "
6 11 Pu-241 6 48 R.C(R) 600
7 12 Pu-242 7 49 R.C "
8 14 Xe-135 8 50 R.5 "
9 15 Sm~149 9 51 R.C(R) 900

10 17 F.P(U-235) 10 52 r.c "

11 18 F.P(Pu-239) 11 53 R.S "

12 19 F.P(Pu-2541) 12 54 R.C(R) 1023

13 20 c-12 i3 55 R.C "

14 21 0-16 i4 56 R.S "

15 22 Si 15 57 R.C(R) 1200

16 24 He 16 58 R.C "

17 25 H 17 59 R.S "

18 26 B-10(impurity) 18 60 F.R 773

19 27 B,C

20 28 HX

21 31 B-10( BP, £=0.1)

22 32 e, 0.2) *Lib l--E=6w/o, T¢=950°K, CB

23 33 e, 0.3) - "oy, " , SB

24 34 e, 0.4) 3— ", T§=1050°K, CB

25 35 L 0.5) h—— ", " , SB

26 36 e, 0.6) 5--E=4w/o, , CB

27 37 e, 0.7) 6—— "o, , 3B

28 38 e, 0.8) 7--E=2w/o, , CB

29 39 e, 0.9) 8—— "o, , $B

30 40 e, 1.0) g--Reflector

ATC ; Axial top.reflector with control rod insertion holes
ATS ; Axial top standard feflector

ABC : Axial bottom reflector with control rod insertion holes

ABS ; Axial bottom standard reflector
RC

RS ; Radial standard reflector

FR ; Fixed reflector

(R) ; With control rods

Radial reflector with control rod insertion holes

CB ; Fuel element with control rod insertion holes
SB ; Standard fuel element
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Table 3,5 Effective macroscopic cross sections for absorber B;C
and sheath Hastelloy-X of control rod

Yoot | T00500 | mecrosger | B4 wo | Ee2 wio
Iy | 7.1904-3 | 7.1917-3 | 7.2650-3 | 7.2262-3
if. | 2.2587-2 | 2.2590-2 | 2.2693-2 | 2.2540-2
B1,C If | 1.0930-4 | 1.0930-4 | 1.0295-4 | 1.1020-4
2 | 1.3609-2 | 1.3651-2 | 1.3578-2 | 1.3402-2
22, | 1.4200-2 | 1.4290-2 | 1.4193-2 | 1.3987-2
z; 1.1741-4 | 1.1741-4 | 1.1809-4 | 1.1798-4
Hastelloy-xX L. | 9.6459-3 | 9.6497-3 | 9.6721-3 | 9.6400-3
Ll 2.4760-5 | 2.4761-5 | 2.4216-5 | 2.5053-5
L2 | 1.1337-3 | 9.7124-4 | 9.3117-4 | 9.0220-4
120 | 7.6230-3 | 7.4841-3 | 7.3671-3 | 7.3215-3

¥ Unit ; cm
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Thickness of fuel compact
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(a) 12 pins/block (width across flat: 30 cm)

40 3 O300 250%Nc/Nu
| Packing fraction(p.f)
I = 0.30

—

I 2 Maximum O,D. with
- I A ligament width
' Fw-é———? mm
. TI’A”
B <
/] Possible maximum O0.D.

R
| 4=— (pin pitch 7.18cm)

\ |

= | y

I

N

i ] l / | |

Thickness of fuel compact

(b) 18 pins/block (width across flat: 30 cm)
350 250Nc /Nu

= 400 |3 |

1 | -4 Packing fraction(p.f) = 0.30
‘ 1 Mk-TII (p.f 0.275)
| L&__j__ Maximum O.D, with

: ligament width 7 mm
: A
B/. I
l
|
|

ALY

Possible maximum O0.D.
(pin pitch 6.2 cm}

L}

R

! I [ l i ] I
3 4 5 6 7 8
Outer diameter of graphite sleeve (cm)

A; Adjustable area _
B; Non adjustable area (with packing fraction)

Fig. 3.5 Atomic ratio of carbon to uranium (Nc/Nu)
and dimension of fuel pin.
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Width across flat
30 cm

500 | of fuel element
T " 28 cm
Compact thickness
{(cm)
450 F
400
350
300+
! 1 i 1 i l
25 26 27 28 29 30
5300
Width. across flat
of fuel element 29 cm
_____ 1
450 b 27 cm
Compact thickness
(cm)
g 300
S
&)
=
350
300
1 1 { ] ] .
27 28 29 30

25 26
Packing fraction (v/o)

Fig. 3.6 Atomic ratlo of carbon to uranium
(Nc/Nu) in case VIII core
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Effective multiplication

facter (keff)

Effective multiplication

facter (keff*)

(a) Variation of effective multiplication with fuel burnup.

JAERI-M 8293

(ZADOC 2D-XY 2G Calc. B,P: None, C.R: None)

0.01 Ak)

1.4r
1.3
—— - —Cut line (Operational margin,
1.2f
1.1t
.0 7 ) M | I ST 1 ) - RSO N )
0 200 400 600 800 1000 1200 1400

(b) Influence of fuel enrichment on fuel dwelling time

and reatlivity (corrected results)

Burnup time (day)

1.4 1600
- 5
1400 ~ B
oo
1.3} F1200F 4 o
TR
*1000—3 m' 5
1.2} - 800 | %‘
- 600 -2 Z
1.1} L 400 SR
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- 200 =
1_0 [ | 1 1
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Fig. 3.7 Surrey of equivalent fuel enrichment.
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Fig. 3.8 Variation of effective multiplication factor and channel

power peaking factors (P; & Py} with fuel burnup
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4 Reflector
Center 1st 2nd 3rd (R-2},(T-2)
CB SB CB SB CB SB CB SB
14 Js 14 s -
(13) (13 19 19
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Fig. 3.13 Core region number
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Fig. 3.14 Radial sequence number of zome for the

analysis of initial core state.
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Fig. 3.15 Radial zomne number for burnup calculation.

tes



it 4 72 A 5 o e W R T it 0 ot R T st et g T b S Cr S

JAERI-M 8293
Core Removable————=aF'ixed
Center
“Orifice |other Orifice reflector reflector
- CRB SB CRB SB CRB SB CRB SB
1
[
o —
4
L9 2 (~104——106 105——106——112——128 120
[ ]
B ] .
g™ -0 |@-®|® -0 ®-0|@-® |@®-®
3 ® @ @ @
— 132
4 1 7 4 !
5 2o ® o ol 113 121 -
t 3 -® -
6 3 6 17 ® @
! 18 24 = i 114 129 122
s | 1® @ 20 @lg_glo- B o-0
9 20 23 34 @ @
10 35 40
b 11 36 45 41 ! 115 123
i @ - @& ® - @
12 37 42 @ e
|53
213
E T 5 \ AT .116® 130@ 124.@ .133@ ®l35'®|
2 @ - 260 - @|®- 80— DO -
" 14 ® ® ® ® @ -
R
S ! 117 125
= 4 39 l &4 ‘
g s ;7 |o- e - @
8 @ @
K
- 82
A o 118 126
18_‘ 78 1 80 { @ - @ @ - ©
2 @ O 13 ®
19
75 : 81 1 119 - @ 127
20 103 -® - ®
& Bl 134
E 21 - @
[4] — .
]
[l
- 9 22 107111 —108——111——109——111——110
k! i , ‘
®-2|®-0|® -@® ®-@ ®-®
23
1 35 2 6113 14 16419 15 20023 24
Radial zone number
CRB --- Block with contrel rod insertion holes
§B ———- Standard block

O =--—- Identification number of cross section set in library (Table 3.4)

Fig. 3.16 Zoze number and material identification number for burnup

calculation.
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4. RISEEIEE &P kR

4.1 RICENE

Mk —HHLORISE X7 v 2%, Mk — IHLEHE LT Table 4. Likmd, L0

[ CITATION 72— Fie kB3 3%ot 28 EL 2800 « AHHABORRIC, BAOMIEEHEL
FETH D, §7hb, FEHERBAFD (IMESEMEIET) OREMGEIC >V T, 3K
T (T—2Z) 2BSTHOBRE -2 TLT, 2 (R—Z) « AEGHEEREFZE L THRE
LT3, £/, flEBEORGEREC>OTE, 2K (X—Y) « 4HHEIC 3 KoMk
(BT MBI R SR AT > TV A T LI L BRI FERA v & — 8 v 2RV EE
Koy 7 )y FRBLT) 2L TERL TV S, AHESYORBERITORER, RUBRE
FHTOREKICEOEERIC OVLTE, BTHASMETEY -~ OBRESEC L THEL
Td, T, EERBO 001 A ke EMMFERRAE L TCHES N TO 2REERKE O 001
Akers i, EBRCETHES: » HED 2 VEFALAEE RO 3 EICRIELTEE L TEDI S
DTH B,

Table 4 1 ORIEERHEEI cold —clean REEZN-RITL T34, B2ETLAHANAK
SBOREL Y 5 vORTHEEL (= No/Nu : BESEETH 378 ; JLTFHTH 396 )
DidiT, FRBEEERE 2 L E 2R T 2 /- DIC L BEPLRBIR ISE 4 0335 A ket
L5V, COEERMk — LEOCOVBRBIRIGE 032 A ke EHET 2L BERIBEOREET
Hh, BELRS, Xe& SmEHED, ER[/VOESHE G012 Akerr~ 011 Akess THFL
Wi, B ELN AR HMk — IO T 0225 A ke (AU EWOBREREZZ R Tl
FE I 0205 A\ Kerr )y Mk —I4ALT 020 Aker LBIERE—ICE S, 7805, BEE—OME
HEBC L0005, Mk — TFELTEHR 3 HEDF AREHERRBSHER SN T 3 DITH~
TMk ~ P L TR 2FICHE YT, BMEEY DOy AL BEYDD 12 EVitlbsEil
Ltk D, Nu/ Nefo# 310 (Mk — EFR.L) » 5645395 Mk ~IIFC) IR ER LA &, #
SEBESHD L LIt K AEEIRE,

AR & A RUCEMERI, 014 Akerr (Mk — IR 55 0165 A ketr (Mk — H4H.0)
i) 20 BT 7 DEFBAHEN LTV 5, AMEENORE FROEAR &L - T B0,
Mk—mﬁ@vm&Cﬁ%&%%%%ﬁé%ﬁ%@@%&m52%@#Eﬁﬁ%®k%wﬂ%ﬁ
EMAEROTVEDT, REMSETT S &ARESNOEHCERGESEA L CEDNNSRITET
mEIRP L, RDEMEEAPETTACLERLTO S, Mk - IHFLTREIRCBC &R
BARBSHEATY o VEBELEENR L, HOERATLRE (UM -OT, Mk —1I4F
DTHELRBEHRBRIEEAESE LN, T, BBEOETO 002 A keprld, BEEEEIT &AM
BYMPBERELTOAZEARLTVEY, ThitHOERDELARE  LaBESEnOBeEc L
LI ERELZMZL LD E LD TH 5, '

R



JAERI-M 8293

4.2 FELERS

(1) w#ER

I L ARICEHIERE, EHONIHEEER S v 7IRBIRBVTS, FEIEREEZLD
CEDMFILEETEES LTRHONTV S, HIfBICNT 2R v 70y FEEERS » 7 REE
TOREIERBICET 2RTEEE, O0HULAFMERRECH - TORAGNEREEZ >
1 stogIfaE, & 250 ROBRESRIRETREINEEMBEOREVINE IR G 34 OFl
FIBEOBATEEIIBAICS 001 Aker ELEORIA S » THEIETELORERAEZHTES T
E, Thb, Ld, IECRECEMAEECH - TRIFBBREL LTI $2HADTE
EENTL B, _

BAETEC B 1T A HEL LU ERE TOPREIERBORINERE Table 4. 21087, il
(20 °C) OEMOAPBREILZHRER (~100C) TOFEHELIOELVENAZ LD, (14+1
&) OHBHESBALETLETSRERENT -TW5S, BICEBEEIORIEICE 510 20K
EORE (~ 002 Akesr) PERIOMBEEIC & 72 5 HIHERIGEMMORD (~ 001 Akerr)
Hitk U AR I BT OGP EIERBICET 2RI EELERT LA L0 h 5, L LA
5, ALRL -EIEARIGEMEEEIC 10 EEOBLEEMT L &, MIREUHTIRIZIZ 002
Akes DREGE S » TREFRLERTE 30, JREFSIOBEEIC L 5 LRINEORAEER
CEWT, Xe& SmOFHEEZEETL L, HHEERTH S 001 Akerr DREBEZ S » THLE
KERRICHIET 5 C LHBRBICT B,

&%, HERORBRRSELBEICEE LTk PEEF -7 LoBE, BTk
RO R ISEMETFMBE£EH 5 & & bic, FODFPREREE OERAS TS O%
B & B S ELOEEEEOMFI L E, KICEFHROFEHEZS SCRHBOELHDLLT
WL CEBBBEEVAE D,

(2) bR

BHEFIRORGERERCET IR LOERER, FiHEs OB AREOTEEExOL
REAMEELT, RLCEMBEOREIVIMENRS v 7 (A7 v 7HEME) Lzl Th, 5
W BEEREED S 001 A ke BLEDORMBA L -TIFEILTE, MFELEFHTE LI LTS 5,
Table 4. 31T A 5 w 7 BEERIESTAE L TIT » 2 FELERBITH 5 28ETHERERT. LT,
Gy 7 HHEREE L LT, SIHEEEREE (hot — clean critical) OHIBEEARIET, 25 v
5 LtchiogiEe b RDADREELERE o Y REGFEETROTHIcoABASH, »oH
BAREEITIS - 1R EEA BE L T B

CORERD SR ERICHT 3 REOR (Ko vRETFAR 104mm) THIRBES -
K E LRGSR ENTED, mOR s o 7IREAMEL T oI EEARET LT L
PHETE S5,

1, HHEEFTALET-RHE (B AV F-BREA » V2 TOMR) ORREZE
T2 &, SIEBEROBRFBEERORIGEMEIN O FERERML, FELERMIFITT M
HBLEVZ D,
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4.3 HiEERARICEME

&6@5%@&%%%&%%&%&,é%@&ﬁﬁ@m%ﬁ@kéntwéiﬁ%ﬁ%fw¢
bﬂ@ﬁﬁﬁ%k®ﬁﬁﬁﬁ@%%of%@,%52%&%?;5%@%@m%ﬁ(wm—
ckm)?&%hﬁhn,m%mﬂﬁﬁﬁﬁ(hm—CMm)T&%hSMﬁtﬁéw%%ﬁﬁﬁ
ﬁﬁb?ﬁ&@%kﬁmﬁﬁ@ﬁ%k?5~6%Eﬁﬁw¢5o—ﬁ,ﬁﬁ@%ﬁ%(ﬁﬁxm
%@ﬂ%)Kﬁﬁ%ﬁmﬁlﬁ(i)%@@%kﬁmﬁm@ﬂ%%wﬁﬁ@ﬁw5ﬁ@ﬁﬁﬁﬂ
&—VMﬁ<mﬁ¢5053ﬁ?ﬁ&%ﬁﬁﬁﬁﬁmﬁﬁé%iﬁmgdwfﬂﬁéhtﬂﬁ%
ﬁﬁﬁ%N&—VKWﬂd,ﬁ@ﬁl$%@®%kﬁﬁ§%ﬁﬁ%ﬁ@ﬁ?%&mAkw(lﬁ
Tm%&mmgmﬂ)&@@,%ﬁ%ﬁﬁ@&%&gmn%k%<Fibofwésﬁof,c
®@b%ﬁﬁﬁémbmzwfﬁ,émﬁﬁﬁ%ﬁbfcmﬁﬂﬁlK%Cwﬁkﬁmﬁﬁﬁw
WEBEEEZTAEISNEbDEELONS.

miﬁﬁfékiﬁw,%@wﬁﬁiﬁ%%véﬁb,Mk—m@bmﬁmﬁmﬁmﬁﬁéﬁ
%Eﬁ%ﬁﬂbfwaawzaoL@LJH%@&@%EEK&%WE%%%%@&—mf@ﬁ)
&Umﬁﬁﬂﬁmﬁwéfayﬂ-x3T%?w@%ﬁﬁfﬁouf@%ﬂﬁ&ﬁﬁ%%&%M
FBTH D,

Table 4.1 Reactivity balance of Mk-TIT core

Excess reactivity Reactivity compensation (l&kgfg)
(Mkofg)d Control rod Burnable poison
MKoTT | MRoiTT | MkoTT | ME-ITT | Mk-II |Mk-TIT |
Temperature 0.06 0.05 0.06 0.08 —_ -0.03
Xe & Sm 0.05 0.05 ’ 0,05 0.035 — 0.015
0,225 0.18
Burnup 0.20 (0.02) % 0.05 0.045 0.14 (0.02) %
Operational | g g 0.01 0.01 0.01 _— -
margin
Irradlatiop 0.0l 0.01
test - —_—
Shutdown 0.07 0.145
margin {cold) {cold)

(Note) 1. Reactivity balance is based on the initial cold-clean
core.

2, * ; Reactivity compensated with burnable poison at EOC.
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Table 4.2 Shutdown margin with control rod system

Cold~-clean Hot-clean
Effective. Reactivity Effective Reactivity
Control rod condition| multiplication | worth of multiplication | worth of
factor control rods | factor control rods{
(keff) (bkeff) (keff) (Bkeff)
All withdrawal 1,168 1.089
All insertion 0.855 0.313 0,771 0.318
Center pair stuck out 0.946 0,222 0.858 0,231
Center pair and one
rod of 1l'st ring rods 0.958 0.210 0.869 0.219
stuck out¥*
* Guessed value
Table 4,3 Shutdown margin with researve shutdown system
Effective Reactivity
R8S condition, hole diameter multiplication worth of
factor RSS
(keff) (Pkefsf)
All withdrawal 1,105
¢ = 104 mm 0.925 0.179
Center RSS
atuck out 9 = 90 mm 0.941 0.163
| ¢ = 75 mm 0.959 0.145
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5. SO R GE BEEEE & SR T

51 TAHAEBIGE/NNS — 4t

¢, HagEr) v Bl EBAT AEAEEEL, BBEMIREBIC ST 5 SEHIHERA
8y — o TOWELUGE & BRI X A RIGEMERE &2~/ Table 5. 11 DFERER
4o CHEFLAOELERE TH S 4w/ o RHERICH T 2 2 ROt BFRERIC, 5 EIR
BIREHERT S A~ OE U FREOEE (N EFIE L0 TH D, &K, 7 FLREBITLD
BRAHDTHLM, I TRAEHNLE—EMTEULTY 4,

Chick B &, & E 1Y) v EEEN S FLBICEA S0 5 SIEEIC &5 RISE fMEEET
HAEL, B2BLU3 Y v 7EEEDND REEFBICHA SN LEEBD £ NELEHHEL
CENbhd, 1, BAR—RBREREEL TR, SilEREARETRALLbRICEAOY
— BB EGERIIANSE, OPLEE LY /O THOHEERE, HH0E, @hod
EORU3 T yIO RBNOEEEEHOC S, KBILT2EOEMEBE Yy — Vit X BERRELE
ZoNBT LMD 5.

g, 1 0 DETER IS E MBI MR O T S oL EE L ) v TR ARE (, &K
RERDOEEEGOR 01 Akerr 1185, RICHETEDIRESD L, LEH )~ 7HIE
BRAOE 1) v EE2, 30 Y VEEERTIRATSSY, uhEE2, 3 v RIEEET
HEDOREICIE -T2, #-T, EHRPERETOFME 1 (148) B30 DCEMmEZ
DL dITRBICE 2, 3 v /HAEESRL Y- VADFRITHL LA LD,

5.2 SHHEEIEEI FO— SN

B @R OFAZE S ZEAR AN~ RETRESAE C, BARERED & DG FHERES
EOBESEEIC B, SIEESWEARICEAEAL EEOHERIGE T Tableb. 2/, 0
SEFMAROMEICERL Lz LDA Fig. 1R L, TR 2Rm (R—2) EFvic k5 E
EBTHD, HICAHY vV ORBMBICHT AMERGERELVERVALBLYE, 2RHEAR
DT 2 RS BAROEO EZHENE LW EWVWZ 5,

LOEREEASLE, LHEE (15) DZOBEITER b — 2 HESIEEIR L, o
D2/ THATEEFABORBERIGEON OB EHBETE L, Lk, $B1 ) v robfE
(6% OBELDLEELY v 7 ORE (7T3) Ok CHET L2EAROHBEBOLRFRHA
Tit, BHFEATAFEOCTHACAESLESTTLESDTR M — 28ENPIEDECED, &7
LD 3/ THEATORGERERILERABON BICHE>Td, £LT, fULEH?2
RO 3 ) v SEIEED &S IC BN - R EEBORBFATIER o - BEERERS
ETLHV(%Z,3UVﬁﬂﬂ%@&ﬁﬁﬁﬁﬁ¢éwc&%EE@~OT%%%ﬂﬁ,éﬁ
HEE (19%) OFEHBATIE A o — 7 HERAZOELLD, P04,/ THAKTEOM
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BERIREND - 2BEHAROH 0 BITE > T b,
PLEDT &k, BB LiduhESEL ) ¥ 7O 7T H0RfEE-ER T 2BRER Y —Vid,
COARro—7EBEELSEARNECALE D,

53 BIEBIREODEZS

FERO R b o — s EEs AREHER S Mk — DAL TOREN BHERITERLSEA D
5, WO LD IELHL S FITHMEHEICHE » TRAENTRIEBERFEFIEE LR UL, 88, <
DA EICH - TEHSHAV 35TBEE FVRUZORBELEE L1
1) #EEF v EDOEED L ORREAM

@ HIfEEE 60 BERHRRICEREIT 5,

@ 4$EEEHTEHRETS60EL, Lrb2ARELE-EE LT S,

@ FWAESEL 3K 7oy 2 (19cm) 2HBALELTERDS
0) STOEEREE—#T, @ #EET5, H-T, BARHD/ VI oy FERRIKER

gy,

3) BMEESEREOERORRETEREOSAMEEEOFHE(LL L, EE LOARIFE
OEFAFEIHELL, ROTEGERPHENHEERT 5,

4) BDEZFICES BEMITHEECHEA « sk FIHoRICEL TR, UTOLIUEHE
BEOULETH S, '

@ £, AR S CIGEER OHIEE | A% 0 o KRIGE BB ERT 500,
%5 1 fi TR~ EBEIC & D AMIEIEB O 11k 5 % B d 2 08REy. CHRIX 5Tl

. ko biFFE LW ETHE S,

@ BHBHASGELOBAS 5L, SIEEEAE P OFIERESROE C, AREER

FEBNWC EMIFE L,

@ SAHREHATEAERT S L, HEAGRREOHASBERCHEEANEAIRORE VMR
e, FOo 1l 2 EoRERBARES SIS EBEL L,

@ B OBEEEREERE G 7 O RAES SR ERIRE TFELO 40 ~ 70 ZOfLEIC
HY, —HLHEERAEEERCE S RICEMERIZ 005 ~ 006 A ke REIBADBEE LY
(MEEEIREMENHIESHORBCHO ),

5) #BEX 7 o 120, 10, 140, 300, 450, 600 HD 6 R F v 7' & Lk, (BNCili~7rpik
TR LTHELOEE X901, 8RF v 7OFIHT O~ 0005 Akest 7ZHERAMICITS
&3 IKHIERBARI 2R DT,

%ofmkﬁﬁmﬁﬁt%%%ﬁﬁLt%ﬁﬁ%@ﬁﬁﬁ?%%ﬂ%?hﬁ,éBK&%éﬂk

2 o BN, BRBMEES S CICERFAR SR TE S L EA L 9.
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6. WIS AR & A

Mk — A BEICIR ~A & ST, BUFESRRBIBBIER 1T 2 L Lic kb, wEHME oAt
FL~UAE S REHEE S fT 2 TR EE 8 5 10 S, # - FEE LiFE Luai i s st
HIEEAEAOHE LREBICB O TGER L TH A, BBICLDBNaHITEHEbT 5, T/,
HiEEomMAILE D BASTELAMMHORICEE L, BERGEI0ELLLE, —F, &P
LRBAEIE—BREENTH H8, hLKEVWHEREFAT 2 Ik 0B ARB 1596
AT A EWNEETH B, LA -T, BUISHEBHFAEREEBET 2L EVEETH
505, —RRICEEIFOVRISKE(, FHEBEOHAILLVIFLOR - BBRHTEENLT 5. T4
Db, BEROHEEBFAOHSS S, UTRREREOGR I OLL BORMHEADELD)
OEATIEROERDYRE LB - T, PLORIBEREHSRA & 5 E TR b EEEHH
BLWETFHRENS,

ALt T, BIETRAHEROICERMERE L BEFEOZELAKE-T, 299
BF R 2R AT, REABEEBETLLEI 0NLHBBEBAREREL, K
W TE ORFBMIEHNIC D0 THEESB - TOREERARRE IR L, BEHLOR « BifE -
AR A BT Lo

6.1 FFEATKRE

L ARR Lok DT, BENEEAE L TR OSAMBEGSEL VO, FPORIBENRER SO
HERAEPELRE S, poERREL HIEEESWHERRIREEM ODRPELED L, ©
DO ARIEERAREETH S EFHENLIOT, OBATORBBEARR (koL
SEIR BB LT & WA ) A EBE LTREINS T EMNEE L, UL L, Mk— IIFLOEE T RIGE
EEERELZ B0HCOVDBBEOREAEBATHWEVEATHL0T, FIAFOKELH
HEHRAERUBEOETHRERFTOEODEIVWEEL NS, 20T, BROBRESPHEES.:
EE LT, #HAFELKE (Hot — clean — critical ) 488 L TERR & 78 » TV 2O i
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Fuel Enrichment

Effective multiplication factor (Keff)
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Burnup time (Day)

A

g 10 140 300 450 600
CR1 C R1 C RY CRL CR1 C R1
Fuel dwelling time
s = 620 days
C ; center control rods
i Rl ; 1st ring control rods

| | Keff=

0.9953 0.9929 0.9941 0.9946  0.9979 0.9997

CP —— Control rod

BP —-- Burnable poison

CR: Non

L

100 200 300 400 500 600 700

Burnup time (Day)

Fig. 6.9 Variation of effective multiplication factor with fuel

burnup and control rod programming scheme to maintain

core criticality.
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Table 7.1 Characteristics of discharged fuel

(1) Elementwise burnup MWD/ T)
- SB CB
6 w/o 21,000/30,000 23,000/33,800
4 " 22,200/30,000 . 28,400/34,300
2 5,800/10, 000 7,200/11,200
“(Mean/Max.)
(2) Maximum integrated fast flux (x102C¢ nut)

Orifice region number

1 2 3 4
6 w/o 8.3/5.3 8.9/7.1 7.1/ - 5.0/ -
4 " 9.5/8.4 9.2/7.3 6.3/ - 4,3/ -
2 " 3.5/3.2 3.3/2.5 2.2/ - 1.5/ -
(Note) Elementwise value {SB/CB)

(3) Uranium-235 existence and plutonium buildup {(g/kg IHM)

SB CB
6 w/o 37.1/4.8 32.9/1.9
4 " 18,9/4.2 11.2/1.8
2 " 14.3/2.1 12,3/1.2

{U~235/Pu fissile)

% SB —--- Standard fuel element

CB —-- Fuel element with control rod imsertion holes
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Table 7.3 Elementwise integrated fast fluence,

Orifice 1.
) eg;pn No 1 2
Enr, E (# 3 4
(oo St 2| cr SB CR SB
6 2.16 4,24 3.03 4,56 4.28 3,15
5.28 8.29 7.05 8,87 7.07 5.03
7.60 9,29 7.30 9,22 6.69 4.65
4 8.40 9.51 7.00 9.04 6.28 4,34
6. 80 7.68 5.50 7.25 4.96 3.42
5 3.18 3.47 2.53 3.26 2.19 1.49
1.46 1.64 1.16 1.54 1.04 0.71
(Note) 1. Undit ; x 1029 nvt
2. CR --- Fuel element with control rod insertion holes’

SB ~-— Standard fuel element

Table 7.4 Uranium existence and plutonium buildup in discharged fuel,.

Enrich, 6 w/o 4 w/o 2 w/o

Nuclide~BLo¢k* | oy CR SB CR SB CR

235y 37.1 32.9 18.9 11.2 14.3 12.3

Utotal 970.9 972.1 969.6 966. & 990.9 990, 3

233py 4.3 1,8 3.3 1.4 2.0 1.1

240py 1.4 1.0 1.9 1.7 0,7 0.7

24 Ipy 0.5 0.2 0.8 0.4 0.1 0.1

2k2py 0.09 0.04 0.2 0.2 0.02 0.02

Pufigsile 4.8 1.9 4.2 1.8 2.1 1.2

Puroral 6.3 2.9 6.3 3.8 2.9 1.9

(Note) 1. Unit --- g/kg THM

2. SB —-- Standard fuel element,
CR ——— Fuei block with control rod insertion holes
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102
Tuel Enrich. 6 w/o
10! L
10° L
// // __ Standard fuel element
s
//’ 4 —== Control fuel element
. e //

10-1 ! ] L 1 L j

0 1 2 3 4 5 6 7

Fuel burnup (x10%, MWD/T)

Fig. 7.1 Uranium-235 depletion and plutonium buildup
in & w/o enriched fuel element
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104

Fuel Enrich. 4 w/o

—— Standard fuel element
———— Control fuel element

10”1

Fuel burnup (x10%, MWD/T)

Fig. 7.2 Uranium-235 depletion and plutonium buildup

in & w/o enriched fuel element
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102

Fuel Enrich. 2 w/o

10!

P
ufissile
o 20p,
™~ -
242
7~ Plfigsile 5 241py
#1239
100 B // Pu \
240p,,
J/
// —— Standard fuel element
!
/ //241Pu ~==Control fuel element
/
,/
10_1 F A i | ] 1 )
0 1 2 3 4 5 6

Fuel burnup (x10%, MWD/T)

Fig. 7.3 Uranium-235 depletion and plutonium buildup

in 2 w/o enriched fuel element.
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*1

Table 8.4 Temperature coefficients and kinetic constants

Temperature (°C)

Enrichment
Item (w/o) 6 4 5
Fuel temperature
-3.5 -3.0 -3.0
) (x10-5 Akore/keff) 3
e e e e R e e e e e e — e —— e L ]
%‘ﬁ Moderator
= 0 temperature -6.4 -6.9 -7.5
(21075 tkgpg/kogg)
B 0.0064 0.0064 0.0064
I
o & £ 'th(c ) 1.3x107°/4.,3x107% | 1.3x107°/6.0x107% | 1.3x1075/10.8x10""
i s e S S
= *3
. £
23 &/ 14.6 10.4 5.9
(sec™ )
(Note) *1 Lattice calc., for initial state.
. f .= - t = -
%2 ke = {Ip + I3)°vg] 1, foeny = (3 Vin) 1
*3L = L Ay
1.30
Standard fuel element
1 %]
Q
-
(&)
B
= 1,20
(e}
ot
Pu)
m
o
I
-
(=N
kol
+
-
g
1.10
U
ke
o Moderator temp. T _=27°C
3 a7
it ———— Fuel temp. Tf=27 C
ey
%3}
~_ 2 w/o
e
1.00 I L
0 500 S~ 1000 1500

Fig. 8.1 1Influence of fuel and moderator temperature

on effective multiplication factor.
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