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Shielding design of a megawatt-scale heat pipe reactor core
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Abstract  [Background] According to the requirements of unmanned underwater vehicles for high reliability, high
power, and long-life power, the design scheme of the megawatt heat pipe nuclear reactor silent unmanned portable
reactor (UPR-s) is proposed by Xi'an Jiaotong University. [Purpose] This study aims to design the shielding scheme
for UPR-s to ensure the radiation safety of the cabin. [Methods] First of all, according to the UPS-s scheme applied
to the underwater unmanned vehicle (UVV), the layout of the nuclear system and shielding was designed, and the
source terms of the reactor core under both full power and shutdown status were calculated by using NECP-SARAX
code. Then, initial shielding model was established with consideration of several alternative shielding materials. The
deterministic neutron-photon shielding calculation code NECP-hydra was employed to analyze several shielding
schemes: the initial model layout, composite shielding layout, and shadow shielding layout. Finally, the accumulated
fast neutron fluence, photon dose and source intensity at the safety plane were analyzed, and a shielding optimization
scheme meeting the requirements was proposed on the basis of the numerical analysis results. [Results] Calculation
results of shielding optimization scheme show that the maximum accumulated fast neutron fluence and photon dose
of the safety plane at full power are 9.48x10" n-cm™ and 7.29x10° rad, respectively. Under shutdown conditions, the

maximum safe plane dose rate is 0.004 49 mSv-h™', and the total weight of core plus shielding is 296.35 kg.
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[Conclusions] The key parameters of optimized shielding scheme, including the cumulative fast neutron fluence,

photon dose, and total shielding weight, satisfy the given design requirements.

Key words Unmanned underwater vehicles, Heat pipe nuclear reactor, Shielding, Fast neutron fluence, Photon dose
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Table 1 Overall design parameters of UPR-s
Z4) Parameter H{E Value
FATNZE Thermal Power / MWth 1
F W Life /a 5
F#AE U H Number of heat pipe 109
WARLFE%L H Number of fuel rod 480
& £E ¥ Enrichment / % 73/55/19.75
=M UO, K% H Number of three UO, fuel rod 332/108/40
T PEX AR AT KL Active zone matrix material Mo-0.59W-0.31Ti-0.11Zr-0.01C
R 5 E# R Upper and bottom reflector material BeO
{435, )2 J& £ Thickness of insulation layer / mm 33
VB A% 2 $ H Number of sliding reflector/ Control rod 4/4
W 3l s 2 A CERBE 4O #4 81 Sliding reflector (follower) material BeO (Stainless steel)
2 A AR (ERBE O #4 8} Safety rod reflector (follower) material BeO (B,O)
WREHX A1 X 38R 4 241 %] Fuel region reflector material Be
S ZE MR L Material outside reflector B,C
¥ P X AR A Volume of active region / L 93.61
% PE X 75 & Height of active region / mm 450
J 8 HE 75 B Height of reactor / mm 900
St 2 417 Outer radius of reflector / mm 960
J % HE 41 4% Outer radius of reactor / mm 1 000
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Fig.1 Radial layout of UPR-s (color online)
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Fig.2 Layout of the UUV system and pressure tank (color
online)
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Fig.3 Diagram of shielding region of the UUV
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Table 2 Sizes and materials of different regions

X 45k R R AL E
Regions Sizes / cm Materials Volume ratio / %
X CERAED $25.73xHAS5 73 wt% U0, 17.45
Active zone (including heat pipe) 55 wt% UO, 5.68
19.75 wt% UO, 2.10
Z A Helium 0.86
%14 4 Molybdenum alloy  36.87
Na 10.36
Haynes233 13.34
FL7¥ Vacuum 13.33
ECRHhm S 2 @25.73%H22.5 BeO 92.80
Upper (lower) axial reflector —#& Heat pipe 4454 Molybdenum alloy ~ 7.20
(S mST DA8XHI0 %4 4 Molybdenum alloy  0.11
Radial reflector -25.73xH90 BeO 23.06
AR Stainless steel 2.02
Be 68.75
H%* Vacuum 6.06
71 B2 D50xH90 B,C 100.00
Radial shielding -P48xH90
FE CTEE DX AT A D1.5%H151.5 Na 27.98
Heat pipes (outside the active zone) Haynes233 36.02
FL7¥ Vacuum 36.00
22 R (XD S ETE X DR B 9 139.5 cm) - X45xY49.5xZ114 Al 74.16
Thermoelectric power generation (the distance —#E Heat pipe H,0 6.02
s e Kt o8
AT IR — ANEF4M Stainless steel 10.00
Instrument mix %5 Vacuum 90.00
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Fig.4 Neutron energy spectrum of UPR-s under full-power
operating conditions
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Fig.5 Calculation results of source intensity after shutdown
(a) Neutron source intensity versus time, (b) Photon source intensity versus time
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Fig.6 The spectrum of UPR-s after shutdown (a) Neutron spectrum, (b) Photon spectrum
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Table 3 Candidate shielding materials

4 Kl Material ¥ H Function %5 J% Density / g-cm™
e B,C ¥ Bt it Neutron shielding 2.22
7K Water P ¥ B Neutron shielding 1.00
% Be P ¥ B #Z Neutron shielding 1.85
& £.Jfi Polyethylene F-¥ B #Z Neutron shielding 0.96
S LiH 7 3 W Neutron shielding 0.82
3 Wolfram Y& Bk Photon shielding 19.35
i Lead Y6 5 Wi Photon shielding 11.34
AEEHN Stainless steel Y& B Photon shielding 7.80

7 RMIEE BEROR , AT X b s R R A

FIH -7 BR O 5 8 NECP-Hydra™ i

W7 BB 7 BT 6 174 68 FR BE OB B R AT 7. 4
BN 17 S B R 5 b A i R S S TR AR 22 R A
e Z TRV B PR DX 387 OB 2R 3 7 (R A 5 ik A4
Bl AEBR il R SR S i B T IR LR ARL, LLIRES ek
M RO IR B 22 41 i A B A &1 7 B
Jadi. (RIS, FETHE AR 2 8 T HE AR RK, dn B
(EAEE N REN RS A P

171H 5 . NECP-Hydra f# /7 /& I % 52 3 K %% NECP
SEES E H F IR R A TE A AR PR N HE
Bl v 5 Mk 4 . NECP-Hydra 3 T8 € 18 1 5
T, ENZ B O T RA R TR R, A
SR BB AR T 7 R SR 22 G TR AT B
B, SCHF = 4 B SR AL bR LA 5 SR A T CH+ AT
Fortran J& & 4R A% , A CHHE S 1 R IE TE#E @218 %
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Fig.7 Diagram of initial shielding model (color online)

HEZL, K F Fortran it 5 #H47 IR 2 M BUE THH, KIE
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(HERSEEBEONE 5E 1) 1 848.25 kg) » WX -1 1) 5 iz
ORKE BT 6 A R BT DL 2 v = PR R, 2
RO AW ERKIGEER /N X710 R i
GEOCRE DRI R = IR E R . (74
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Table 4 Calculation results for the candidate materials

Tkt T4 R

Material PR R e K E
Maximum cumulative fast
neutron fluence in the safety
plane / n-cm™

AT R FfEEE S I e i
ST A K E OnEumR 40 Core and shielding
Maximum cumulative Total weight of shielding weight / kg
photon dose at the plus rear end polyethylene

safety plane / rad / kg

J&(F%%)None (vacuum)  8.31x10"

WAk B,C 3.27x10"
7K Water 4.78x10"
% Be 4.57x10"
% Z.J% Polyethylene 2.22x10"
SALE LiH 1.93x10"
4% Wolfram 3.56x10"
4 Lead 1.18x10"

AN454M Stainless steel 6.78x10"

7.42x10°
5.18x10°
1.49x10°
1.39x10°
1.53x10°
1.57x10°
4.78x10*
1.49x10°
7.36x10°

755.55 2 603.80
1998.51 3 846.76
1315.44 3163.70
1791.35 3639.60
1294.17 3142.42
1214.66 3062.91
11 589.44 13 437.69
7106.79 8 955.04
5124.49 6972.74

23 EARRERKAR

FF§2.2 it A B 7R R TR

Poly eth\ lene Wolfram

WS I S R SR AR AT VAL, 52
TR R G SR BT S AR T AR R
X I8 (1) A L AN Pl 8 s o

LiH Wolfram

E8 WAEENREMIER  (a) Poly-LiH-W i # 75 % , (b) LiH-Poly-W i & 75 &

Fig.8 Two composite shielding models

(a) Poly-LiH-W layout scheme, (b) LiH-Poly-W layout scheme
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x5 MHESAFREEITEER

Table 5 Calculation results for the two composite shielding models

Kl Material %24 T8 1) R AR R AT R B S S e i T
LIRS PNIE] JeF AR E Chn o 58 208 Core and shielding
Maximum cumulative fast neutron Maximum cumulative Total weight of shielding weight / kg
fluence in the safety plane photon dose at the safety  plus rear end polyethylene
/n-em” plane / rad / kg

Poly-LiH-W  1.80x10" 9.47x10* 2561.76 4410.02

LiH-Poly-W  1.86x10" 8.34x10* 2 608.61 4 456.86

9 Poly-LiH-W 7 R&IHHLR  (a) ZA TP FIHERLR, (b) ZAaFHDE 7R LR
Fig.9 Calculation results for Poly-LiH-W shielding models
(a) Neutron fluence in the safety plane, (b) Photon dose in the safety plane
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A1 3.96x10° rad, Bt M o B &= (N5 i B M) N
2 015.17 kg, HEE I b i 85 5 9 3 863.42 kg. AH LK
# 51 LiH-Poly-W 75 ¢, B M AU R S 488 72  (HAT) R
W LK s BE WS B PR T 593.44 kg, (HA) R
k.

11 ORI (o) 73 il A2 4P I T ADE T
P25 B, B R B 52 4 3 0 X3, 43 AR
102 n-em™ A1 10° rad. & 11 () A () A -FFYET

10 52 HT mAs 2 (R 0 0L D 45 5O
Fig.10 Shadow shielding model (color online)
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Fig.11 Calculation results for the shadow shielding model

(a) Neutron fluence in the safety plane, (b) Photon dose in the safety

plane, (c) Neutron fluence changes with axial coordinates, (d) Photon dose changes with axial coordinates
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Table 6 Parameters of the optimized shielding design

X3 JUT RS R AR HH EHE

Area Geometric size /cm  Density / g-cm™  Volume /cm’ Number Weight / kg

TETEX (B #ED @25.73%HAS — — — MU 1 848.25

Active zone (including heat pipe) Weight of the core

R Hh A 5= @25.73xH22.5 — — —

Upper (lower) axial reflector —#/& Heat pipe

A2 1 S I P48xH90 — — —

Radial reflector -D25.73xH90

1 rm Bz ®50xH90 — — —

Radial shielding —D48xH0

TR CANTE P DX AN ek L A A5 D1.5xHI51.5 — — 109 A RE ER

Heat pipes (outside the active zone) Not count the
weight of heat pipes

i @50xHO.7 19.35 4041.90 2 156.42

Front wolfram -D25.73xH0.7

i 2R A @25.73%H0.7 0.962 1183.75 2 2.28

Front Polyethylene —#& Heat pipe
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X1 JUT RS wE AR HH HE
Area Geometric size /cm  Density / g-cm™  Volume /cm’ Number Weight / kg
RIED R,25.73%xR,50xH13.6 0.962 58 068.20 2 111.72
Polyethylene(D —#& Heat pipe
KD ®50xH3.6 1 26 874.75 2 53.75
Water(D -4 Heat pipe
AENBEED D50xH4.2 7.80 4479.13 2 69.90
Stainless steel sleeve(d ~D50xH3.6

—#& Heat pipe
RHED R,50xR,25.73xH14.3 0.962 61 057.01 2 117.47
Polyethylene®) —#/& Heat pipe
K@ D50xH3.6 1 26 874.75 2 53.75
Water(2) -4 Heat pipe
PENEEHQ D50xH4.2 7.80 4479.13 2 69.90
Stainless Steel Sleeve® ~-D50xH3.6

—#/& Heat pipe
Je i £ D50xH0.5 19.35 3732.60 2 144.45
Back end wolfram -4 Heat pipe
A2 R B (RO 53 X X45xY49.5xZ114 — — — it
O EEEE N 139.5 ecm) - Heat pipe Not count
Thermoelectric power generation (the
distance between the center of the area and
the center of the active zone is 139.5 cm)
Je i 5 LI (GRAR ) D50xH15 0.962 117809.72 2 226.67
Back end polyethylene (inside the shell)
J i 5 L) GGeAk M) D100xH4 0.962 54 977.87 2 105.78
Back end polyethylene (outside the shell) -®75xH4
SEERIN D110xH550 — — — it
Inner shell -P100xH540 Not count
ST D150xH550 — — — it
Outer shell -D140xH550 Not count
K G D ®140%xH550 — — — it
Sea water (in double shell) -@110xH550 Not count
HEYINCE=C) X240xY240xZ640  — — — N
Sea water (outside the cabin) -D200xH640 Not count
XA TR FoAth X 35 — — — At
Instrument mix Other areas Not count
S A1 Sum X240xY240xZ640 — — — 2 960.35
2.6 [FRMERETEN il /N 10° rad..

BEXH AL 5 B 1R B ik 5 5 i HES B AT IV K
15 4 J ) 1 ADG T KT REAT T PR . BT 13 ()
A TR D) RIEAT 5 afE R AP IAR K T E
2R ML FE 11 Ca) Frros se AR A b 7 ) 1 e 3
SR AE T2 AR S AG 2 LA 10 R KT I8 B B
18 (LRSS RS BETHEER VG A

K 13(b) S 1 HECNH DI RISAT 5 a fE 2 411
REEG TSR M EE I 11 (b, MY ) 34k
FaFA AL, (H LA AR P AR e P2 B, 3 R TR 2
HT T A5 J= A2, Ot AR A7) Y AR e AR

B 13 Ce) AHECTH I HIZAT 5 a BRI FiE R
) AL BRI AR S R R K& R M 1 X 3 N 7
BN R, T 22 R XA A ) s B 2 X 3 AR X
R TR TR, AR ERBS RO
8] DX 388, F T W40k 2 BN AT IR AR AR, b L 3%
%, X PRI BEROSCR A B2

K13 () AHESTHINRIZIT 5 a RBDL T & FE
Sl AR ARG AR A 25 B AR R BR R A . T RUR B
B T35 22 R L BOM R R A v POl T B SR
5, BEAE PR 7700 5 T % ot S5 R BE A ) B I AR
AHTE
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Fig.12 Structure of optimized shielding design
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Fig.13 Calculation results for the shielding model under full-power operating conditions (a) Neutron fluence in the safety plane,
(b) Photon dose in the safety plane, (c) Neutron fluence changes with axial coordinates, (d) Photon dose changes with axial
coordinates
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®7T RERR NIRRT RE

Table 7 Shielding performance of the heat pipe nuclear reactor

W IBATIN %2 4 i I %4 fFHESRAE N, BIREIX s e i &
B AR R T R AL S Core and shielding
Cumulative fast neutron fluence ~ Cumulative photon dose  Total dose rate in the ~ weight / kg
in the safety plane under in the safety plane under  shaded area under
full-power operation full-power operation shutdown conditions
/n-em” /rad /mSv-h!

B ER <10” <10° <0.007 50 <3000.00

Design requirements

WATTE 9.48x10" 7.29%10° 0.004 49 2960.35

Final scheme (maximum) (maximum) (maximum)

3 45iE

ARSI IR FLRAVE S B HE R TH 7 58 UPR-s 14T
THESBER R Bt b, BRI . AR
R TR R R E A SRk 5 7w bE X R
MR ZIHHEAT A 7 Brl T R ORMRHE S i)
T T AR A KGE 8 e A RHE AL 5 78 AT 5 5 i X AT

Ja st 7T —E R RS, R B HE S T A
(16 F LA R R -5 Bl R e AR I N i 7= A IR IR
65 Ja I 5 i X 1) 58 S AR B R AUE & TR
Hh ] JE N . BT R R T B, 2 AR T R
1BAT JAFHE T HU N HEAT 17 BF Mo VAL , 45 203 2D
FRIGAT I} 22 4 P 1 1) R AR PR A 33 A 7 A
KAE S 3N 9.48%10" n-em™ F1 7.29x10° rad ; 15 HE 2%
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