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Measurement of Reactivity Worths of Burnable Poison
Rods in Enriched Uranium Graphite-Moderated Core
Simulated to High Temperature Gas Cooled Reactor

Fujiyoshi AKINO, Motoyoshi TAKEUCH, Kenji KITADATE
Hisashi YOSHIFUJI and Yoshihiko KANEKO

Division of Reactor Engineering,

Tokai Research Establishment, JAERI

(Received November 10, 1980)

As the core design for the Experimental Very High Temperature
Gas Cooled Reactor progresses, evaluation of design precision has
become increasingly important. For a high precision design, it is
required to have adequate group constants based on accurate nuclear
data, as well as calculation methods properly describing the physical
behavior of neutrons. We, therefore, assembled a simulation core
for VHTR, SHE-14, using a graphite-moderated 20 %-enriched
uranium Semi-Homogeneous Experimental Critical Facility(SHE), and
obtained useful experimental data in evaluating the design precision.
The VHTR is designed to accommodate burnable poison and control
rods for reactivity compensation. Accordingly, the experimental
bu:rnable poison rods which are similar to those to be used in the
experimental reactor were prepared, and their reactivity values
were measured in the SHE-14 core.

One to three rods of the above experimental burnable poison
rods were inserted into the central column of the SHE-14 core, and
the reactivity values were measured by the period and fuel rod
substitution method. The results of the measurements have clearly
shown that due to the self-shielding effect of B4C particles the
reactivity value decreases with increasing particle diameter. For
the particle diameter, the reactivity value is found to increase
linearly with the logarithm of boron content.

The measured values and those calculated are found to agree
with each other within 5 %. These results indicate that the reactivity
of the burnable poison rod can be estimated fairly accurately by
taking into account the self-shielding effect of B4C particles and the
heterogeneity of the lattice cell.

Keywords: Critical Experiment, Reactivity, Burnable Poison Rod,
Enriched Uranium, Graphite Moderator, Self-shielding
Effect, B4C Particle
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il

S AKBS (Mark- 1) I 50Tl BEABE Lic EBMOMES 52 2R0C. B
LOREICERBD 72 bIC MU BYIEE ABICH O TV 3, BED Y5V BEED 6 W,
4Wo, 2WoODMEMEN S LitENEFh 3 A, 28BLD1 FOUMUBMEBIIBEA SN 245
DRFTHICIE > TV, 20T, AMRMBYEIC & 5 RISEHBOF O EOBEFEicSS
TH5EME LT EBRFOFELZNCRA SN AR B YIE & %0 R — S R A T Mt B
BREBEL, OGBEM B OwliE % BN RE 20% A » 5 LB R EEREE ( SHE )z)rvﬁﬁ
1o

i A RERIE DIFREHCIRA ST 5 Al Sk, B,CH+F (KE600xm ) & EH
BEROLBELAODOT, Vo x®EMH 158/ am®, + UVEREER45W0 , BEE8mm TH
%o XCT, KBRAARKENMERIEED Harwell ETFHHEFHEL DA L FoRFR 425~T710
um OBCHF L BB L BB L-BER 8 mm, && 10mmO R~V » b 114 H% E X
1180 mmaD RSHHEIC H 00:A A THIE L tc, HEBROFHH1 B,C KFOHEBL ORI L » b
DAIREAROMBRICL 3 RIEEZELIC OV TER T — 4 2EUE4 3 & ¢ AlLdHb, Do,

B4C KiFODKIE: ~ 3um
: 250~355 #m
© 425~T710 #m
: 710~1000#m
TOHEHRR 225w
45 wy
9.0 wo
DL TS - o ARk D E R F Ak ke % U0 L /-, ,
R I35 1877 2 SRR YRR %H08E L 7 #5.0 SHE — 14 7.0 % SHE 1 Bk L, SHE
—UBELORLA T ANICKRA TS MES | X, 24580 3KBA L, & BE ffi 1
RIEZE Y A+ FEEB L OBEHEBHRIETT - 77,

2. FERMWME S

PUFBRR <Ly b @RERRILF K (BCHT) LRBMOROMA B RE L 1o 82
BV PTHHEE 8mm 720 L, 12mm, X 10mmO D TH 5, BC H FILEED
Harwe 1R T IBF327T & 0 BA L7 BoC BT OE250~355 #m, 425~710 #m. 710~1000 4m
DbD, BLUBIULETEHBONE~3 sm DB, C KFEMAY, +oEAERIL 255w 0,
45W 0 BLTI0WH DbDEENZFNIERL 12,

COPYEFBRIN AL » b ZhZE ORI LT, EERA Al S i i 7o,
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PRHFRN~NLV Y DT, d0EBELSICENREOTESOHES Table 1 84T Fig.
licghEhmrL 1,

Table 1 RERAAIRHEYEDOHEE

it % X = X 10 %+ 03 mm
& B L5 £ 02 g/cm®
AU RBE 225+ 030w
45 t 07 wh
90 = 14 wo
28,08 1140+ 9 mm
RAL& vk L 29 100 am WUF
R -0 kB : 250 ~ 355 #m
425 ~ 710 #m
710 ~ 1000 zm
OB B oM OE R S
U1 noo B 540 + ., mm
4 E 1180 + 3 mm
5 B , 1.7 g/cm?® Lk
g v, plALofR |82 £ 33 mm
W<y, MEAAOKRE | 1140 + 2 mm
£ [UE&HX’\SVI;“I‘}E/\{LG) 84 X
w B | o

Harwell FFHHEFLOBMALL BCHTH L UBLILET R HBOB,CHTO I vy
- +%Table 2iTR L7,

B, Chi ¥ DR R 53 113 B{CHL T % SAMEEEIE 0> © 200 8 D B,CHF DX E % HIE LK RS HN %
Kb fzo EBCHTFONESAN%E Fig. 21OR L% 7, BMEHEICL3EH% Photo - 1
167 N Uh
Fig . 2IT/RENTN B K HIC 710~1000 LmDB(CHLF 13 # T0BLL_EHS 720~900 #m D HEEFH DRIER
EH-oTHD, FHENZEIE810#m EBRE SN, 425~T10 #m B & U 250~355 #m OBLC HF
it L TidlEskic, EHRNR5604mBL 270 um EREI N1,

—N, BERLFLEHBOBCKR TFIZLOT - N 1200 THE~ 3 4mHH T0% LI EE LH T 3,
BEsnfhHFRIRRLY y thOF Y RBERIRO _HETHESN:, 208 —DHikid
&2 OMFEOXLV » bSOV » b 5EZY YT Y v 7L, BOsBAEREH*KIC & 31L2345
i okDIc, FB2OHERDPUHFRIN Ly b OBIEICENT, BATNE 2K L BCK
FTOEBEBERVy b 1 lEICA + 7 "HERRKFTHAEL, BALBELLZLOT, RIEHIcBY
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Table 2 B4CHFDIw¥—+
(1) BEKFETELHS

BERLEIEHKRLSE K HIS e AR 1978. 8. 1

LOT M 1200-405 2 L DENKA BORON

chemical Analysis
Total B i 773 %
Total C ; 211 ~»
B,O; 026 ~

Fe 31110 ppm s
Ti i 35 ”
Co : 30 ”
Cu ;43 ”
Mn y 14 ”
Na v 40 ”

2 A.E.R.E. Harwell IE-_FJJBTJ”EE?QE%

Chemical composition

SiZe fraction Carbon Boron
(#m) (wt. per cent ) (wt . per cent)
250-355 21.45 785
425-710 21.4 786
710—-1000 21.2 786
Purity
Size fraction | Fe Si Mg Cr Ni Cu Ti
(xm)

250-355 0.1 | 01| 0002| 001} 002| 001 | 001
425-710 0.1} 01 0001 001] 002} 0.01 ] 0.01
710-1000 01 ] 01| 0002 002] 003] 001 | 0.01

Impurity contents shown are in percent by weight
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¢ 200 um

Grain size of B,C particles (250355 pm)
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3BCHFOERBBDVEIT DL L, SEINAPHTFRIN<L » rOEBOREMH» SHBE
LTKRdI, L LIEERFEICE Y TEANRE LOMES» Sz & 0o, hEFRIX
by MCATNEFYRAERE, LFEONHERLEROMTMHEH, SBE L1458 & OFIE
& LU Table 3iC/RL 7, Table 4ichtE FRIN~<LV » b 5 0D FHD S o REEE R L1,

PAEDHHEFRIRR Y » b 114 HE2AR 540mm 4K 1180mm, TN~V v MEAFLOBR
8.5mm % 72{3 125mm DS BN A L TERATR M EYELSIE L,

Table 3 EBRARHUBYVEOIHTRIN<L Y POFRYEEER

' (BfI wo)
- LR ByC HToK# (2m)

BE (WD) ~3 250~355 425~710 710~1000
2.25 211£006 227+0.06 2291005 2274010
450 427+012 448+0.11 4531013 4421009
9.0 835%0.30 8661016 8.79%0.16 9.08x015
9.0 - = 9.00+021 -

Table 4 HHFEN~<LVy tDJ o 2EE
(BfL g Am')
EE2S B,C HFDOHZ% (4#m)
R (w ) ~3 250~355 | 425~710 710~1000
225 158 153 151 152
(BE#% 8mm)
450 161 1.53 154 154
(#E# 8mm)
9.0 163 153 152 156
(BE#% 8mm)
9.0 - - 153 -
- (E#%12mm)
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3. E B K& R

KBREIT-> 1R BEERERERE (SHE) 3, KE2 8B T L 2EAKR—LAE 137cmd
ANAETRE 120emT 50, BEUEALEEARAICELIS S CHRICHESE 5, BREEI
RAPICAHL 72 20 BBBERALY 5 VHBESL » FE2BEBIEA LSO TH 5.

R ARBIF OF LD 1 75 sROBKBEEE LT, 1) v /IC6k, 29 V76
ADGF R EDBEBESBASNA TV 3, ¢ OREHBELE 18 L 724504 SHEEREREE
IR L7 & DOFER Y R EBRY OB L SHE - 14O ICB W T, ERATRESHEDRIE
ERIE DEBREIT - 120
SHE-14F.0OBKEELE % Fig.3i1c/R L7485, SHE-14 008811,

D A7 .80DC U FETHATIS8 T, EBRFD 9340 (75 VBFEE 4w, 0 ) IGEWT &,
i) A7 2 PEGERIFD 299mmicxt U, SHE-14 45,0 T 283mm &35V C &,
nHFoh s,

SR ARBRP IV 4 BB Y 5 VBB L, SHER 20 S8 7 v B4RV TL 3,
CORMEDOHER, FLOKE &L ORBERMICIEIEET D UD IS ISR 2 &
BI560LEZI 0N, Ll BHMEES HELEEL S DIHTFOBS)ICE T 2 EANSBH
BREAEHELTHD, GEARERFOEYBIC OV T L RN LEREBEN LS L E5C
W3,

4. E B

41 SHE 4 FLOERARROME

SHE - 14} L OB R AR BEN ST ETITE > 12, HOHL®H, FLBD= Y » 2 2EiC
dﬁﬁm%%ﬁ%%ﬁtfaé.¢®ﬁ5Am%ﬁ&ﬂM®ﬁ5Amﬂﬁfﬁﬂ$&E&Lto
AR DL 17 BB 8 P VM ICRE B L7 BFs A9 v 9 — (20th century 5EB 706 )ickbh
HFEEEEMEL, REFREEEL THOIERBEHELEO L THERICEZES 8, COhi
FHGEL OB % Fig. 4 ITR L 12, RIERSRH S SHE— 14450 D8 /NG RAREHER L 86.94 AT
Hot, FLIHEASNTVEPNS REE, €28 - HIAEEALS X CBRBOREERES
11> e R OB BIKE DR RREIL 8481 & ( ZHFELEE=3958cm ) THY, 25U T 496
kg ODERER L1512,

4.2 RES@EDORE
KB IMEEVBEORIGEE <Y & FB L CRKBERE TRIE T 5 720ic, £, SHE
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EARAEOEEM s L BB Bz A HE O RSEBIEMFE <) £ FEETRIE L1,
SR 1T & 0 B ERRHE DREFTAL B IC & 2B OME DR LTS f20ic, Haimk L 87
ROEMPLEREFOE L, BEAOTWT, 7X7. TUT /R TZ7i, BEEMD TATIC
ENTHRREE KR L 15 B OB AR E OBEHEMEE <) & Nk TR 7SI O R IGE &
IERD SRz, WERRETRIORL DB AUEBICE ARISEOHREIEE Y rd D, T
A TICER S NIIBE OB ELE TED TH 50, BEEROSIEENSR 7 cm o BE 812
BN IATIHEASIN TV AEEL BN 3,

RITE U 7o BB OALE i1 I6 2 BEE QI DAL B ICE T & 2 EHEME A 00 MR EDL S, 7
ATUARRSEOMBEEE LTS bDERKE LT,

JRNH P fifl 18 D 15
R AL E il it (¢)
TW7 505124
X7 531124
707 522+24
121 512424
TAT 452124

4.3 EERRRIRAEEYEDORICEDRE

SHE-14 fFLoduls 5 aRIC 2 T~/ 1 SBHOERBOIMEBYEELRZ L 1A, 24
HAENIIEFAL RICEMEET - 120

ERRA RS YES | AEA LA EE SHE- 14700004 5 A THLEA S 13.0cm D
FEEED 2B1-2V1(Fig3 BB ) THO BMEEML THA LK, SEFRFTIEH 7 L0t
LEi S 129cm ORBICEASNS C LILE->TWEDTH T ARTONBRESETS 3,

T 2AMADE SR I KBALLE &, et LT 120°[@]8: L7 2F1-22 1 A L 12,
T OESRH M HEMEOHE RIS 2252cmTH Y, GETRERF D 223cm EH7ED £
C—HUKEEEL S ->TW5 (Fig.5 B8R ), ERKIC3IARBADESIE A 7 £ DL htFRIC
LBl D5 DEEEE 13.0cm DAL EICESE L 12,

RITE (3 REEEL AT R S 88 R DEBESF LT, RERHTBMUBEYELBAL, IEEOKE X
I3t LT 4 2 TRIE U RG22 A1 LER RS Rd 12,
HRUBMEOIEEE <) £ FES X OBREEERE X D RO LRAIEZEE Table5, Fig.
blicznenR L TORERFKREDPS

1) AR BEYIE OUGE 3 Pt TRV MO+ 9 ZAEBONEICHAI L TRMT 3 ¢ &,
2) PIAHEEBYE2 RAONRIGE X I AKDORIGE DB EA E2EICE>TW5B, Lihi->TaMtE
YO B R 22 5cm TRABLTFHHREEAHLKIB/NI 0,

3) TRV Yy rHOFRYRBELFEA LR IRBETH - T, BiICHFORENKEL
1, BCH FOBCERIBIC L O RIGEIZ/NS 155,
FDLhBBED LN,
7
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Table 51 EERATRHEYEOSICE ORIEE
@1 D)
FORBE | h7aMY B,CHFOKZE (2m)
w0 DX ¥ ~3 250~ 355 425~710 710~ 1000
2.25 1 X *1118.53:4.2 *2122.7i4.2 1041142 880+ 34
(E#% 8mm)| 2 & 236.6+54 2443+54 2023+54 1748+ 48
3 & - - 3031%59 -
4.50 1 X 1931+48 1719+42 *3147.9i4.5 1367+ 4.2
(&% 8mm)| 2 & 3912+68 3488164 2955+59 2772+ 59
3 & - - 4403+72 -
9.0 1 %K 2543+54 2289+54 2146+ 54 1938+ 48
(&% 8mm)| 2 X 5192+80 4719+76 4312+72 3901+ 68
3 K - - - -
9.0 1 & - - 3458+65 -
(BH#12mm)
(x1) 2BOREM 119.4£4.2(4¢) & 1175442 (§) DFi5H

(%2)
(%3)

2EIDBIEME 12113242(4¢) & 1242442 (§) o FEHE
2EDREM 1473+ 48(4) & 1485+4.2 (§) o EHEE
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Table 52 XEBRATRHBYEOHELTHHNE

RORBE | 55 aMp BC HFOKE (am)
w0 D K ¥ ~3 250~355 | 425~710 710~1000
2.25 1 X 1.000 1.000 1.000 1.000
2 X 0.999 0.996 0.972 0.993
3 XK — - 0.964 -
4.50 1 X 1.000 1.000 1.000 1.000
2 K 1.013 1.015 0.999 1.006
3 & - - 0.993 -
9.0 1 K 1.000 1.000 1.000 1.000
2 K 1.021 1.031 1.006 1.010
3 % - - - -
i o PEAORIE

KX 1KY RIGE

44 REEOREFM

MU BUEORICEE <) 4 FiEL LOBBBBRECTHEST - 1275, RIGE OflEEs:
LUBBERDOIEA L LT
() YA Fikic & 2 6188 ORIGEEIE S £ O REEEAE 0®mEIC & 3 RUGES .
() BAXBREEOETH LBHA LOBEEEMOMERIC L ZRISEMEE
(i) KR U DB S L VEFNBOHRICE 3 RISKESE:
V) FLOBREEC X3 RKIGEEx

MEZ LN 5,

22T SHEBISOTBEFBEET S,
() H#EEOSISERIEDAIE R, BROHEELED O HIHES 30~40mm OF & % 2Fic 3|
k&, SHEMGHEDHE 1 channel DA LR % L 0 — & —i1citsg L H43 2 (510 Bli 4 2 fr e
Az 2ty 7Y+ v FTRIE L CGEEH G ER D O RISES KD 12, COEHBEEORIERES
I PREE LIREDRIGEZ KNS ¢ ORIGIEICHL 0.03¢DMEL 12D, HIEESTEOLRIS
B, #150¢icxtl, &4 03¢ LITo®mELE S,

FLHERCAOHEBEE Ich. OB N ETHE | BLUNTHIET 520 0HIBBAEOTEIZ 0.1~02
mm OFEHTH Y, OHBEOEBICL A RKEEBREEM001¢ UTTHBETE 2,
(i) SHERAEBREEOERLEIBHN L2EAKLEEN L2 EAKICESI R TITORH,
EELMOMRICL 3 LUBEBED D 5, EHEBOBERM . 17T 014mm § & mm o
WOHICH 5, RAEOHEAEM Imm (BBHALEEMEDOF + » 7 OB ) ORIEORIGE K
D38 LHERSNE, Lichi>T BRAEEC EOBLEEBOMES0Imm &9 2 & RKG

.__9_
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B2 HBEEK 08 ¢ EHEEBESN S,
(i) MEE1EXFCEUFTA R7DPUEBIEAIN TV S, UF4 27D U0, BHRDOHER
mz%&ﬂm%@mﬁ@wﬁo,mﬂﬁmmiwgéﬁmﬁ«mﬁﬁuLmsE&&uéobt
S > THREHEME 2% 50¢ DIBAIC 0.6¢ BEDOBELRHA BT LT, MEHEEME K
& B MUGEMME OZEiE, BB OZEMLE ICREHEL R L CRIGEMEORIES{T- -0
T, BRANEOHRICK ZGEMBEDORER, (IBLNicBF 2EBZ0HEBANTH Vi
K2 EEZ SN B,
v) ZHO—HOERIIW1 7 AMU LORBICHIZ0IT- DT, EEREIEE OB 1148
1T CTH 1o DM, BTHICEN2CETLER LTV,
RERFAGH DI LIRER 17T CTOREREOEFFL ORERGE L 5410¢ TH -1z, 1
FILRER 21 CTOREREOLFTREOEMF LORBSISEL 5400¢ TH-71T £ 0,
FILE BRI 5 COEALICH F 5 RIGE /b DB (1) L Wi 0HIESE 2 OHEN TEEH RS
LEZ SN B,
VA b DRIERZ O FMH S
(i) #EEREHRORIGEORIERZEE L TO0.3¢
(i) ERAEERFOBEN LEEMNE OFEHBOMBICLIRICEBEEE LT08¢
(iii) 4PN R 2R OERICHT A RIBESRE L LT06¢
D&E 1L7¢ BEFREEROERR OAFERE L35,

5. #F H

KERHAIMUEZYES S 7 6240 1 ~3ABA SN SHE-14E.LDH0 A T 4 OMER %
F@.7Kﬁtﬁocm%ﬁ%%wﬁﬁﬁ%mﬁ5A%%maﬁ%®wﬁwKﬁMLtﬂ§W%
DA 7 L%EGFRICFig T IR L, CTTRBARMMUSMEOMNE L HEa - FosK L,
587 LDFLEHM S 12.63cm OB ICERE SN, EBREARD 13.0cm £ D 3.7mm Rl -
ToaH, (RERFREI -+FPREIN EREREIDKSO0R5 ) BEBOMBS LU
B TA 27 DRESIERBRERA—& LAFEEARE LT 15640 0RERE IR
%E%ﬁwtuwwz—FVX%ATQM?Mm&éiﬁT%¢ﬁ?lﬁﬁ;6ﬁ¢ﬁ?ﬁ33
HOEHEIER L1,

¥, ATLAD< MY v 7 ABOEZRF v v 7IREELL TERERE L1, ERBFICH
o TR, FEMHERBENET 2L L L, ZRATAMEYEIBEAIN T SHE-14
Fild, COFICBLC R FORE 600 um, + O REE 45W.0 QTR EMELDLY 5 4K
i, 1A, 2KRBIUIEBBAINIMARITOOTIT- 12,

(k) UF4R27 2BHTEDUO, SHBOBAM (743g) E8/ME (725g) »oUF 4 22
14D DOUO, SERICHRELIETH S,
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) TR
BPYEF T RO — G (0~ 0.683eV) % 30BHCAEIL, BSOHEHM OREHTHELE 7 L

5 6
iCid, Young—Koppel %—;’-‘-’wt)}ﬁﬁﬂljs (a, f) (ENDF/A 7 74 ;u,) T=296 °K ) %,
B35y, Y, O, BHEoRIUTHIL e FVIcHB R EFALE2 2N FhEEL PIXSE 2 -

A 30 B OB THEIERE HE L,
~ﬁ,C,U,o,B%@WW%@%%&U”HJ@&ﬁ%%@ﬁ@Emm/B—a774wvm
S THESEC 2 — Ko e,

¢ CTBC KT OH D MRS Case - Hoffmam B 05 5T, BiC HTFARIEL L,

Sphere

ZCZT, a : ERO¥E

Py : escape probability

£ © mean free path

R : chord length
LOEELIHOEKRDESE % Fig.8 IR L1,
VLD 3 0 HOERMBANEE L L ORIMEESE Ay, BEERELHVFZLAMP 2 - ¢
THI LNOBRPWTF AR PAEFEL, CORRI FAVEERELN S LEHD 3 0BOBR
EHE, HRICBRARFAD 3 0 BOBERE TN ENIER L 12,

LS EORSARRD 3 0 BOBEM, & & CAEFEAEE— KoL s - KTUD
ANL, BPL—RKGHE 2 R MEFE AR E L TERKERDHT R <7 F LERD, Th%
BERE L THLOHEES L CREHARIR O+ | BBOEREER L 72,

i) R FEREERK

HPE T 2V F — G 0.683e V~10MeV % 6 6 BHICHEIEN/GAM-1 94 7DF -5 54
77 -%FAL WREERELZAVAZLAMP 3 - F¥ 27 4 (FAXSE-CLUP-PIJF-EDIT)
THOMF T2V F -3 3HDON 7 L FHOERVIM IR EER L 1.
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Fig. 3 Cross section of SHE-14 core in critical

fuel loading pattern
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Fig. 5 Cross sections of standard fuel element of VHTR
and column element of SHE-14 core
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Fig. 6 Reactivity worths of burnable poison rods in
central column of SHE-14 core
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Fig. 7 Modification of experimental column by cylindrical
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particle by Case-Hoffmann-Placzek's method
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Fig. 10 Critical mass of 20% enriched uranium graphite

Fig. 9 Cross section of SHE-B2 core in critical fuel

moderated cores simulated to VHTR

loading pattern




