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Reference Core Design Mark-I and -II of the Experimental,

Multi-Purpose, High-Temperature, Gas-Cooled Reactor

— Nuclear characteristics of control rod inserted cores —-

Ryuiti SHINDO, Mitsumasa HIRANO
*
Takeo ARUGA , Sigeru YASUKAWA

Division of Power Reactor Projects, JAERI

(Received September 24, 1977)

Reactivity worth of the control rods and power distribution in the
initial hot-clean core of reference core design Mark-I and ~II have been
studied,

The need for burnable poison was confirmed, because of the limita-
tions in number, diameter and reactivity worth of the control rods due to
structures of pressure vessel and fuel element and to safety of the core.

While the initial excess reactivity is reduced by use of the burnable
poison, the recovery of core reactivity with burnup of the burnable poison
requires a complicated withdrawal sequence of the control rods.

The radial power gradient in the core is not large, due to orifice
control of the coolant helium flow, effectiveness of the refiector in the
small core and continuous distribution of burnup in the core by one-batch
refuelling scheme. The local peaking factor in unit orifice regions,
therefore, is the most important ih core design.

Control of the axial power distribution is necessary to reduce the
maximum fuel temperature and the exponential power distribution peaked

toward the inlet of the core is most suitable. However, insertiom of the

" control rods from top of the core disturbs the axial power distribution,

so this effect must be considered in design of the withdrawal sequence
of control rods.
Nuclear properties of the core were revealed from results of the

study for the initial hot-clean core.

Keywords; Reactor Core, High-Temperature Gas-Cooled Reactor, Control
' Rod, Burnable Poison, Reactivity Worth, Power Distribution,

Temperature Distribution, Burnup.

# Division of Nuclear Fuel Research, JAERI
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Table 2.1 Main parameters of Mark-I and Mark-II fuel

elements .

CORE MARK-I MARK-II
FUEL TYPE HOLLOW TUBULAR HOLLOW
PARAMETER BLOCK ST CR ST CR ST CR
INNER SLEEVE .
INNER DIA. (mm) - 14 —
THICKNESS (mm) - 3.9 —
2 | FUEL COMPACT
= INNER DIA. (mm) 8 22 21
=) - THICKNESS (mm) 7 7 7
—
= | OUTER SLEEVE
INNER DIA. (mm) 22.2 36.2 35.2
THICKNESS (mm) 4.9 4.9 4.9
FUEL ROD DIA. (mm) 32 46 45
COOLANT HOLE DIA. (mm) 37 37 51 51 49 | 49
.. | NUMBER OF FUEL RODS 36 15 18 6 18 9
= _
i | REFUELING HOLE DIA.
é (mm) 50 50 50 50 50 [ 50
=3
. | BURNABLE POISON .
g HOLE DIA. (mm) 8 8 8 3 8 8
B KUMBER OF HOLES 6 6 6 6 6 6
ACROSS FLAT (mm) 300 | 300 | 300 | 300 298 1298

* Packing fraction MARK-I hollow 25 v/o
MARK-I tubular

MARK-II hollow 2/°° V/°
%% ST ,,. Standard block
CR ... Block with insertion holes for contrel rod
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(With hollow fuel rod) (With tubular fuel rod)

Fig. 2.2 Mark-I fuel elements.
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Fig. 2.4 Mark-II core configuration.
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Table 2.2 Atomic number density for Mark-I and Mark-II fuel elements.

14 —

_ i MARK-1 FUEL MARK-TI FUEL
_ENRICH. o | ! T
S(wio)| 2 4 6 8 b10 3 5 7
NUCLIDE i |
U-235  |4.7138-619.4273-6|1.4141-5|1.8854=5 2.3567-5|7.3569-6|1.2263-5 1.7166-5
U=238  [2.2805-4 |2.2340-412.1873—4| 2. 1408=4 |2, 09414 |2.3487-4|2.3005-4 2. 2518-4
3 0 4.6572-4 4. 6582-414.6593-4| 4.6604-4]4. 66144 |4.8464-4 4.8475-4 |4.8485-4
3 ) " . l
A C [7.1617-2 | 7.1100-2
2 Si 2.5209-4 2.6230-4
[
o | = He 1.0504-5 £ - 1.0639-5[
jn) = : |
CHCE 6.4455-7 | | 6.7061-7 1)
— ! - PR 5 JE—
& B-10 1.9783-8 |/ 2.2209-73.2855-7 4.3501~7
= , e 2200 "
- U-235  1.9645-6 3.9290-6|5.8933-67.8599-6/9.8217-6|3.6787-6|6.1319-618, 5836-6
=} i ‘ i
S =g U-238  [9.5042-5 9.3103-4|9.1161-5|8.9219-5 8.8216~51.1746-4|1.1504=4|1.1261-4
o | O M .
CHE S 1.9410-4 1.9414-4|1.9418-4|1.9423-41.9427=4 2.4235-4]2. £240-4]2.4246-4
m o —
EE c 6.0976-2 5.9231-2")
= i -
.3 1 1.0506-4 Lafe-sy
- 7.2383-61 ¢ 8.8654—6J
RE 2.6862-7 335957
- - J e e
B-10 1.5225-8 2.1723-7]3.2355-7 |4.2987-7
U-235  |5.0135-61.0027-51.5050-5 |2, 0053-512.5066-5 )
L | U238 2.4255-42.3760-4 |2,3265-4 |2.2769-4 |2.2274-4 //
[
S o 4.9533-4 495444 |4.9556-4 (4.9567-4 |4.9578-4 | /
] - . _ \
5 © 7.3787-2 \ //
PE 5i 2.6811-4 i /,
: 2 : ] \\ /
o E He  8.7469-6 .
ol I ! N
SN 1 16.8508-7 o
= ‘ v
E!F VVVVVV B-10  :2.0506-8 B y
i U-235  1.6710-6|3.3418-65.0126-6 |6.6839-68.3539-6 / 5
<< ! ; A
S o y-238  8.0838-5(7.9190-5|7.7538-5|7.5886-5 7.4234-5 / \\
|®n oM /
S F ., 0 1.6509+4 |1.6513-4 | 1.6516-4 |1.6520-4 '1.6523-¢ / N\
fan) ; e ;
E2 ¢ 6.2920-2 | 3 / \
= | / \
178 si 8.9360-5] / N
: 1 /
- 4.8202-6 [ - ™ SR
=R € . —oi ! //
= i P . AN
i H 2.2833-7 . | t /
i . 7
C ] B-10 11.5429-81~ Y - ;
;
# a-b; ax107P (x10%% n/em?3)
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Table 3.1 1Influence of mesh model for effective
multiplication factor.

CONTROL ROD NON ALL INSERTED
CODE
NUMBER CITATION ZADOC-3 CITATION ZAPOC-3
OF MESHS
| S| HEX. MESH _
& = | 1 MESH/1 COL. 1.2610 — 1.0273 —
HEX. MESH
1 MESH/1 COL. 1.2679 — 1.0364 -
RECT. MESH
g 2 MESH/1 COL. — 1.0026
e N S N —— R
S | RECT. MESH
A | 4 MESH/1 coL. 1.2727 1.2788 0.9788 0.9353
~N ——— - e e —_ ]
RECT. MESH
16 MESH/1 COL. - E— 0.9609

*# FUEL ENRICHMENT: 6 w/o %% MARK~I core

40

ZADOC-3 (Guessed wvalue)

30 /

\\ CALCULATED WITH CITATION

10 +

--—GUESSED VALUE BY SLALOM CALC.

Controllable reactivity (%Akeff/keff)

0 L i i
0 5 10 15 20

Number of mesh points in column

Fig. 3.1 Influence of radial mesh model for reactivity
calculation of control rod inserted Mark-I core.
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A - Non control rod

& --- Imsertien of ceater control rods
0 --- Insertion of 7 pair ¢ontrol rods

D ---Insertion of all control reds

Fig. 3.2 Radial power distribution in 73 fuel column

— 20 —

Mean value; 0.82 (MWt)

core of

Mark-I.
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| Mean value; 0.71 (MWL)
|
] A B
C
H D F
A --- Non conttol rod
¥ B ... Insertion of center control rod ’
C ---Inserrion of 7 pair control rods
D -.-Tnsertion of 13 pair contrel rods
E ---Insertion of all control rods

Fig. 3.3 Radial power distribution in 85 fuel column core of Mark-I.




JAERI-M 7339

Table 3.3 Effective multiplication factor for Mark-I cores.

CONTROL ROD :
FUEL~INSERT. NON 1/6 CORE 1/2 CORE | ALL INSERTED
LOADING ™~
6 w/o, UNIFORM: 1.2610 1.0273 N
10,10,6,6,2,2 w/o 1.2866 1.2328 1.1114 1.0744
8,8,8,6,4,2 w/o 1.2804 1.2443 1.1401 1.0617 ’

(Note) 1. CITATION Calec. 2. 1 mesh/1 col.

m 1.0

o oe—

g UPPER _*1 CORE -

— REFLECTOR| : ’ il o

o | | LOWER

= f IREFLECTOR

8 |

Ui i I

c I

. l

b l I

=

) l

3! CONTROLLABLE / |

$ 0.5 REACTIVITY/

o —_— 22.82Akeff/ke £ I

2 ~— 21.8%8kefs /Rdef '

a ] |

5 | |

= |

b | |

g | |

3 .

© | @ ®O0OE®

Q

E /J — 8,8,8,6,4,2 w/o

)

r-cPI < ——-=10,10,6,6,4 4 W/O_ q

& 0 1 QD ] (E)I 63 I () l G@ i G@ 1 '
0 100 200 300 400 500

Core height (cm)

Fig. 3.4 Relative reactivity worth of partially inserted

control rods in Mark-I core.
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Table 3.4 Effective multiplication factor and reactivity
for Mark-II core.

CONTROL ROD BURNABLE POLSON
: R-1 | R-2 | B-3 | R-4 o PPM 30 PPM
i
1 5 1.2532, — 1.1050, —
J o e 20,2, — 9.5,
2| . y | 1.2151, 0.038L | 1.0750, 0.0300
L Pox 17.7, 2.5 7.0, 2.5
a 3 R ﬁ 1.0318, 0.2214 | 0.9277, 0.1773
©op o o 3,1, 17.1 Z7.8, 17.3
4 R 0.9613, 0.2919 | 0,8668, 0.2382
X (3 O O % -4.0, 24.2 -15.4, 24.9
50 . 0.9387, 0.3145 ! 0.8471, 0.2579
O Y PY O 65, 267 | -18.0, 27.5
6 | . | 1.1580, 0.0952 | 1.026Ll, 0.0789
T x 13.6, 6.6 2.5, 7.0
7 o VR 1.0664, 0.1868  0.9550, 0.1500
‘ - ; 6.2, 14.0. -4.7, 14.2
g ! ) | 1.2068, 0.0464 | 1.065%, 0.0399
® o ) X171, 3.1 6.1, 3.4
9 - 1.2296, 0.0236 | 1.0846, 0.0204
* X ® w 18.7, 1.5 7.8, 1.7
(Note) 1. CONTROL ROD: (3 .... Inserted, x .... Non iﬁserted
! 2. .
A, A' - A ... Keff, A' ... Bkeff =keff 1-Kaff
B, B' B p(%), B' ... tp={p-py) O
3. Fuel enrich. ...... 3 w/o
Boron content
in absorber ..... 10 w/o

4. 2-Dimensional CITATION Calec.

Table 3.5 Power peaking factors in Mark-II core.

: CONTROL ROD BURNABLE POISON
| Rl k2 | R3] R 0 pey 30 PPM
| 1 x x S 1.347 1.316
; 2 | o x| x x| 1.161 1.150
: 3 L O x x 1.429 1.461
4 | o G O x 1.267 1.258
s | O oo o 1o 1.433 |
; i 6 ST o T ke 1.3064 1.287
5 7 x < x X 1.601 1.533
I N x o x 1.611 1.584
R x C 1481 | 1.453
(Noete} 1, CONTROL ROD; S Inserted
X eneis " Non inserted
2. Fuel enrich. +vevee.. 5 wfo
Boron content
in absorber veww. 10 w/o

3, 2-Dimensional CITATION cale.
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Fig. 3.5 Positions of maximum peak power in control rod inserted

cores of Mark-ITI.
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X | !
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Fig. 3.6 Relative reactivity worth of partially inserted control

rods in Mark-TT core.
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Table 4.1 Supposed control rod insertion patterns for
initial critical core condition of Mark-I & IT.

(hot-clean-critical)

Note:

with the tubular fuel rods, respectively.

CORE DEPTH OF INSERTED CONTROL ROD PAIRS |CLASSIFI-
CONDITION (NO. OF FUEL BLOCKS) CATION OF REFERENCE
NO. RING 1 | RING 2 | RING 3 |RING 4 | PATTERN
MARK-T N
Fig.4.7 (H)
I-1 3 0 6 0 B Fig.4.14(T)
1-2 3 0 6 6 B Fig. 4.8(l)
1-3 6 0 6 0 B Fig. 4.9(H)
. Fig.4.10(H
I-4 6 1 6 0 B Fle- - 1988
Fig.#.ll%Hg
1-5 6 0 3 0 B Fig.4.16(T
Fig.&.lZEHg
1-6 6 ) 2 2 A+B Fig.4.17(T
MARK-IT
I1-1 5 0 5 0 B Fig.4.22
11-2 5 2 5 0 B(+A) Fig.4.23
11-3 5 1 5 7 B Fig.4.24
II-4 1 5(3'PAIRS)| O 7 A Fig.4.25
1E3PAIRs; .
II-5 1 5{3 PAIRS 0 7 A Fig.4.26
11-6 1 3 0 7 A Fig.4.27
1I-7 4 2 4 7 B(+A) Fig.4.28
* H and T mean the core with the hollow fuel rods and the one
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Column pewer; {(above value) = 0.234. {MWL)
Inscrtion of contrel rods

Ring 1 Ring 2 Ring 3  Ring 4

A All Noan All Non
B Half Non All Non
c All Non Half Nen
D Half - Nen All All
c all 1/6 Core All Nen

Fig. 4.13 Radial power distribution in partially control rod inserted

Mark-I core of hollow fuel rod.
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Fig., 4,18 Radial power distribution in partially control rod inserted

Mark-I core of tubular fuel rod.
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Fig. 4.29 Axially integrated thermal power of fuel column in Mark-II core.
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Table A2.1 Influence of different mesh models of
CITATION and ZADOC-3 for reactivity calculation.

REACTIVITY POWER PEAKING FACTOR
MESH kef f ¢ P, Py
4 MESH/COL, 1.2727 21.4 1.27 1.11
(CITATION) 0.9788 -2.2 1.39 1.17
9 MESH/COL. 1.2788 21.8 - -
(ZADOC-3) 0.9353 -6.9 - -
16 MESH/COL. - - - -
(CITATION) 0.9609 -4.1 1.38 1.18
(Note) 1. 2-Dimensional calc.
2. Rectangular mesh
3. Upper ... Non control rod,
Lower ... with contrel rods
4. P; ... Peaking factor for integral power of center
orifice region
P2 ... Power peaking factor in center orifice
region
MESH POINT
AV,
4 4 P CROSS
o © o o © s rw-l,/ SECTION
\\‘ N AR SR \i\\:_\‘w: T Y
Q [e] } © o] o] a
C o] ‘ +] o] o] o]
ATTPITTIL K A 3 AN g
0 o] < 2 9 [+]
CITATION ZADOC-3
Fig. A2.1 Mesh models of CITATION and ZADOC-3.
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Fig. A3.1 Axial power distributions in Mark-IT core with

burnable poison use,
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