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Configuration of nuclear detecting system for gas-cooled micro reactor and

its application in core monitoring
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Abstract  [Background] The gas-cooled micro reactor is one of advanced reactor types that can be used as
movable intelligent micro nuclear power sources. The nuclear detecting has been a main challenge for its deployment
due to the compact layout and the harsh service environment inside the core, hence only a small number of ex-core
detectors can be deployed for core monitoring. [Purpose] This study aims to explore the design method of the
nuclear detecting system for gas-cooled micro reactor and apply it to core monitoring. [Methods] Firstly, a three-
dimensional integrated reactor model which incorporated the core, ex-core structures, and detectors was built using
reactor Monte Carlo code (RMC). By referring to relevant standards, an arrangement method for the nuclear
detecting system of micro reactor was developed. Then, design methodologies were proposed for neutron count rate,

detector sensitivity, measured neutron component, and detector range. The feasibility of startup without an external
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neutron source for the micro reactor was analyzed, along with the layout scheme of the system with external source.
Finally, the validity of these approaches was then verified through computational simulations of the first criticality
experiment and the ex-core detector calibration experiment. [Results] The results show that it is feasible to startup
without external neutron sources if *He detectors with thermal neutron sensitivities of no less than 290 cm® and 980
cm’ are used as in-core temporary detector and ex-core source range detector. The requirements for scenarios with
long-time operation and few personnel on duty can be met by the detecting system including an Am-Be neutron
source with strength as low as possible, ex-core boron coated neutron counting tubes with low sensitivity, ex-core
gamma compensation ionization chambers with wide range. The Am-Be neutron source can only be arranged at the
front of active core to ensure that the proportion of fission neutrons meets the requirement. By installing cadmium
and polyethylene sleeve structures outside ex-core detectors to monitor high-energy neutrons, more accurate nuclear
measurement signals can be obtained. Simulation results of the first critical experiment indicate that the number of
extrapolated critical fuel assembly columns is consistent with the theoretical value, and the deviation of extrapolated
critical position for a single control rod is only =2 ¢cm, and the deviation of &, is within 6x107*, Simulation of ex-core
detector calibration experiment show that the absolute deviation of the power level and the axial power offset are
within 0.2% and 0.4%. [Conclusions] The configuration of nuclear detecting system is reasonable and feasible.

Simulation results of this study can provide guidance for core monitoring of various advanced micro reactors, and

promote the development of movable intelligent micro nuclear power source products.

Key words Gas-cooled micro reactor, Startup without external neutron sources, Layout of nuclear detecting system

with external neutron source, First critical experiment, Ex-core detector calibration experiment
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Fig.1 Radial (a) and axial (b) layouts of reactor model (color online)
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Table 1 Main parameters of core model

24 Parameters {8 Values
I #R Thermal power / MW 5

AR ' 22 Fuel enrichment / % 19.75
Dy Power density / MW m™ 3.5

# A Lifetime / a >3
#okl 77 3 Refueling scheme A HEE R}
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Fig.2 Energy spectrum of neutron generated by spontaneous
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Fig.3 Diagram of loading of one fuel assembly column and
location of in-core temporary detector (color online)
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Table 2  Sensitivity requirements for detectors under loading and startup conditions without external neutron sources

T B ARRHAL JE HE BT e K
Conditions Loading 1 fuel column Full loading before startup
Y5 Source strength / n-s™ 60 1 800

THER B3R Counting requirement / s™ =05 >2

BRI 2545 E Layout of detector

#rp 774 8 % Thermal neutron flux / n-cm™s™'

RIEELK Sensitivity requirement / cm’ =290

DAY N R 0 5
In-core temporary detector
2.16x107 (52%)"

HESMIR BRI %

Ex-core source range detector
2.55%107(67%)

> 980

@D 2.16x107 (52%) F " b TR %2.16x107° n-em s, 0.625 eV LL U T H 52%
Note: (D “2.16x107 (52%)” indicates that the thermal neutron flux is 2.16x10° n-cm™'s™', with thermal neutrons below 0.625 eV

accounting for 52% of the total neutron population
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Table 3 Proportion of fission neutron detected under
different neutron source energy spectra

RETE AT

Energy spectra Proportion of fission

neutron / %

" -¥-HE 2 Neutron energy 0.1 MeV ~ 99.9
*F-F-HE & Neutron energy 2 MeV 93.6
PR B RE T 81.4

Energy spectrum of Am-Be source

TREETR 1% IR 5B B ATl 1) 24745 op -7 5 Bb AR 4k il
2. MIRE N5 cm i, A BT 5 N 95.8%.
CFD (Computational Fluid Dynamics) 3% /4 11 5 45 5
LW, Z AL HERSE 4 550 °C.
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axial depths of active core
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Table 4 Proportion of fission neutron detected under different neutron source positions

s (ECIE A el ) o B AR L
Serial numbers Radial positions Axial positions Proportion of fission neutron / %
1 W 52 232 Ml 0 538 J2 1 S 64.0
Outer region of side reflector Front of side reflector
2 W 2338 2 Ml S 34 J2 79.9
Outer region of side reflector Middle of side reflector
3 0 e 358 J= P s S5 = 91.3
Inner region of side reflector Middle of side reflector
4 HI S 2 s BT 5 55 )2 e o 81.4

Center of front reflector

Rear region of front reflector

x5 ARMNMELFFIEE(m em™s™)

Table 5 Neutron flux at different positions (n-em™s™)

AEH Ji 73 A A
Energy groups

Outside of pressure vessel

ToE IR AR I 45 ik

Source range detector

B VR AR &5 4k
Source range detector

without sleeve with sleeve

#AH1 7 Thermal neutron (<0.625 eV)

/& 17 Moderate neutron (0.625~0.1 MeV)  5.4x10"
¥ Fast neutron (0.1~1 MeV) 3.0x10"
A1 Fast neutron (>1 MeV) 7.3x10°
4= HERE All energy neutron 9.0x10"

1.6x107 (0.02%)"

1.1x10° (15%) 4.4%10° (68%)
3.9x10° 1.9%10°
2.1x10° 2.4x10°
5.7x107 1.7%107
7.2x10° 6.5%10°

1 D 1.6x107 (0.02%)FE R FIEREZ1.6x10" nem™s™, 2 REREPF HL )47 0.02%
Note: (D “1.6x10” (0.02%)” indicates that the thermal neutron flux is 1.6x10"n-cm™?-s”', with thermal neutrons below 0.625 eV

accounting for 0.02% of the total neutron population
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Table 6 Sensitivity requirements for source range detector under different conditions

T E (&S SN RIPPEER

Conditions Counting requirement / s™' Sensitivity requirement / cm’
TR 1 AR 5 >0.5 6.2

Condition 1: loading 1 fuel column

THL2: R e A o >2 >5.4

Condition 2: full loading and shutdown

L3 e, HEE &, ~ 0.99 >10 >3.9

Condition 3: full loading and %, =~ 0.99

& 6m &, i EfEENSREEARKT
6.2 cm?. FH: IR & YL 10°%FP~10"%FP™, % N
o PR FE N 445107 ~ 4.4x10° nrem s, TR
Hhy, ATERE ZI1520 BY IR T ECE R T R R E
ZH.
F7T 220 BRI AR E T E M REIER

Table 7 Main performance indicators of ZJ1520 neutron
counter tube
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Table 8 Main performance indicators of DL129 y
-compensated ionization chamber

2 & Parameters #H Values
RIUE 3.0x10™
Sensitivity / (A/n-cm™s™)

R IR A A 1.0x10"

Useful life of detector / n-cm™

o B 5.0x10* ~ 1.4x10"

2 &t Parameters 418 Values Measurement range of detector / n-cm™-s™
RE Sensitivity / cm’ 8

b T4 A A 1.0x10" 5 HEEEAN A

Useful life of detector / n-cm™

R R 5 1.2x107 ~ 2.0x10° 51 BEXIFEREU

Measurement range of detector / n-cm™>s™
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40, =3 ©
_ PH - PB
40, = 5 p (10)

X : 40, HHESN DR BRI ZE 5 € s 40, H
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HEAE LR I R D 28 B A T VR 3R

BT RN, H A0, I A0, , XD T
N,afl b NFEE BB I NS E K, WZIFE T K,
K, (13) (D iR .

A0, = a+b-40, (11)

k=% (12)
K, = m (13)
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9.2 15 2 LI BA ) THE 5 R 2 1
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Table 9 Result of calibration experiment for ex-core detector with power range

FPHERE AO, PR L/}10°A  I/x10°A  AO. /% FPZJEAH AO, ZEMH
FP theoretical AO,, theoretical FP calculated AO,, calculated
value / % value / % value / % value / %
10 -3.03 8.41 8.01 2.42 9.97 -2.81

20 -2.62 16.8 16.0 2.48 19.92 -2.64

30 -2.42 253 24.1 2.58 30.00 -2.38

40 -2.03 339 32.1 2.78 40.10 -1.83

50 -1.62 424 40.1 2.77 50.07 -1.85

60 -1.06 50.9 48.0 2.96 60.01 -1.35

70 -0.50 59.7 559 3.24 70.19 -0.58

80 -0.21 68.1 63.6 3.39 79.97 -0.15

90 0.12 76.6 71.4 3.52 89.87 0.18

100 0.66 85.5 79.6 3.57 100.20 0.33

120 1.38 103 94.7 4.10 119.93 1.77

FH 9 Bl 1, Bl m) D R AW A A0, R I KF FP
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o R, ME AP Th R SRR RN 2% 21 B S 36 75 <A T
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6 %518

BERT S ARHE AR S /D HE SR 5% S D HE LS
U BRI B A SO Y T — A A U AR G A
BINENTT S, Il ) B S AR A IR e H AT AT
ZERIR

DS WO IR R s B AT BB

(1250 B R 2R (o, n) FEAR T P74 1.80%10° n-s™ 1)
P55, W AR B R BUE KT 290,980 em’ 1) °He 1E
Eb T B30 1 S HE P I B R D00 48 AR 4 4 Y58 1 R
%, A E LA R R M HES IR A .

2) 38 IR 5 B IR AR R R HE N
FEERM B8 . 0 AR HE /L TR B AR R B A 1T 1
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o IR 7 SR o R B b R A B RS T X
15 e VR JE , P58 5x10° n-s™ s Y5 B FE R 1% 35 R B
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Ty AMER R E . ARG S U, FEIR
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