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Abstract: To achieve orbit transfer and maneuver, the nuclear thermal propulsion (NTP) system should
not only release the expected heat like the traditional power reactor but also have the capability of rapid
start and thrust regulation. Therefore, transient analysis is important for system design, operation
strategy, and integrated test of NTP. In this paper, a one-dimensional transient thermal hydraulics model
of the Particle Bed Reactor ( PBR) fuel assembly was established and the response performance was
analyzed under a condition of power raising. It was observed that during the start-up procedure, the delay
between heat transfer on the particle surface and heat release in the fuel kernel was minimal due to the

strong heat removal by the coolant and the low heat capacity of the fuel particle. The effect prevented the
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over temperature and high thermal stress resulted from thermal storage, which benefits the rapid start.

Under rated operating conditions, introducing a reactivity step change results in a thermal response that

delays behind the variation in neutron density by about 0.1 s, which also benefits the system power and

thrust rapid adjustment. Furthermore, the PBR core resistance rapidly increases with the elevation of core

power. Therefore, further research is needed to optimize the matching of reactivity insertion and

propellant supply during startup and thrust regulation processes. This study can inform the operation and

control strategies of nuclear thermal propulsion systems.

Keywords : particle bed reactor; nuclear thermal propulsion; fuel assembly; transient model; rapid start
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Fig.1 Schematic view of the particle bed reactor
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Fig.2 Simplified process of the particle bed reactor

fuel assembly
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Fig.4 Flow chart of transient thermal-hydraulic analysis

of one-dimensional fuel assembly
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Tab.1 Geometry and thermal parameters of the particle bed

fuel assembly
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Tab.2 Main parameters of the fuel particle
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Fig.5 Volumetric heat deposition and surface heat

removal by coolant

3000 1250
& 2500} 1200
.‘p( """"""""""""
2= 2000f 1150
1500 11003
W R I o
1P 1000F WKLV 150 5
= 500f —— A CFRE o
S T N 1 i

0 10 20 30 40 50 60 70
I [7) /s

B 6 MR MRS B TR ETLER
Fig.6 Mean temperature of the propellant and the
fuel particle in the bed

3 395 S 15 25 35 45 55 65
Ay 1) /s
B7 MMNAGCRERETLER

Fig.7 Mass flow rate in the fuel assembly



5550 &5 4 1)

B, 55  JURL IR S ST HESRRHE P B SRR I 81

4.2 5| NN R IS R A I R

k7RIS RN e BRI A R T T
RSB TS B S AT s 7 3h
FIFRERY | SRR R TR R T AR A

FEIRAZ B 10 R A 1 TG £ 40 S BRI I
p, FLAa X E K /INF R T D B B I HE I R 1
JEN L p =0 R BN HEAL Tl FUR A, B Y
AR AN, N HE T R R A — A EE 1K
Fosp >0 FRoR N HEAD F B I AR, HE Py 745K
B, e TR . RN p AT RN HE S
(AR RFRNZ S B M R ao 5 TR IR L
I R A RO TR R R

p(t) =py +a[T(t) - Ty] +poa (19)

Krrep(0) 2 o B ZIHECSE SONE 5 o A RARHISURE T
J¥ ZE, pem/K, 1 pem =107 T, WS HRE, K;p,
N Ty Bt BE T 08 SR 5 p oy, BRSNS T BB
VB, WSS S5 R 0 R o X B i 9% 1 45
R S HE R 6 128 K28, g 3 st
Horp 8 % 1 R4 B =0. 007 49, v 7 RpAR v [a]
A=33.5 ps, WESFHIRE T, HHE T PO
SRR, BI1 653 K 2% JEBORHZ K 500 | 2238 0k
AR RECH -5 pem/K, FUE SO A T2
KT MR (p =) BRI p N 1§, TEILE]
BiE TOUES 20 s B35 A 0.28 5 -0.5$ 11y
B BR S 1 , ARG R EH A T R A Ak il R o

®3 ZRFFEH

Tab.3 Parameters of delayed neutron

55 i MBI B,

[14]

ERRE- il OV

0.000 28 0.013 23
0.001 59 0.039 00
0.001 41 0.139 00
0.003 05 0.359 00
0.000 96 1.410 00
0.000 20 4.030 00

TE7%5 EARRHIEL L S5t Y Al b 51 A B2 R 1 B
BRIG RYME N AP 8 FE O fras o SIS RLPERT,
THORHL AL T80E T 00 I SRS, DR v B o
0, [P A VAT R 2 804 S B e
FIABBRE LG , A EHIURL R AR B b 7 U
JEPCR AR o py TIOR3 T 45 P I AR AR AR W IS

THREMZ SRR, DI 1 D) 28 22 R BUWORLF- 24 It B2
(A NITEEBORTY-% SRS = R N 1 DIV
REHE & SEE 0. 1 s JSHEIERASE , RN 7T
DA s R PR S S Rt A8 P e P AR e

— IR AR

3~ 30 — B e 6 W~
T |- bk 4 g
woas 0 ¥e
H D ¥o
4R
10 "
s 8] /s
() DIZHRE
336.4 s -
B ~33600— matm . JEpREs
o 5y 336.0F - WURCF- K iz
H 203358 11660 Rge
B 3356 —_— — - 1650 =
19.90 19.94 19.98 20.02 20.06 20.10
k) /s
(b) Jifk it
150, HIRBHE 120 7
£ g 100 dlIARHE ip = 8
B Z sol-- mERemE PN\ 105 TR
e D e e
19.90 19.94 19.98 20.02 20.06 20.10
HiF 1) /s
() SLBif

8 FEIRTSING2S RMMRSHIAN
Fig.8 The response of various parameters to the

insertion of 0.2 $ reactivity under rated

conditions
—ﬁﬂﬁmaﬁi
— PRBR ATy A =
~ 30 mgmEr s Mo
1 g
5 F 0 g
¥ -5 ¥o
] . . . . Z10 R
19.90 19.94 19.98 20.02 20.06 20.10
st 8] /s
(a) DR
S 33850 .. 1660 &
IE ~ e, 11640 5
% 337.5 Tt i 11620 H_M
R L AN 11600 Ere
= ' . . R 11580
19.90 19.94 19.98 20.02 20.06 20.10
I 8]/
(b) it i
— T
— I AR -
—  100p -- T ECEE <
Loeo00f SR o F 8
= = =300 A 0.8 -E[—%é
-500 ~ ~ s s . ;
19.90 19.94 19.98 20.02 20.06 20.10
s 8] /s
(¢) Btk

9 HEIRTSIN-0.5$ REMEESHNE
Fig.9 The response of various parameters to the
insertion of —0.5 $ reactivity under rated

conditions



et 2024 4E 8 A

5 BREERE

ARICHESE. 1 ORE IR S 7 SR AP0 2 F Y — HE B
SR TIR I, 3 HAE AR TH L R BUE T 00T
FONAET I AR BES R EAT T 00 Hr e ZE DR ETT
TR OB AT UL PR DX S8l 7 7 AR R 11 48 A U
(B R BB S, 2975 0.2 ~0.5 s A FI T HELD
APRIER Bl o TR 3 R BT AR T S R Sl B
FBIG R, ¥ B0 e 2 TV ), DR 2
MRS A 7, A 88 Tl 38 5 4 3 AR 4t 1
o BUE TOUR I BRI E R, SO HE DR Al
ORI FE U AR b, FE U AT R 200, 1 s 5, %
IO S S AT LR 8 7 A A IR S X — 28O A A A
fEVE R R PR A T R A T AT RE

PRBIRFE R UL TR S5 7 3 3 88 3t 1 4 2 1) i
SRTR IR J5 2030 15 E— 20 g 57 58 B
PHEVE RGBS BLRL, JT W25 70 B TAE, O R 4¢
Jr SV s A A R T A R A T A R At
Hehith o

S 3k
(1] IR3s, kb, e . ZSEshi (M), B &

i S K7 AL, 2016.

SUZT, YANG ] C, KE G T, et al. Space nuclear pow-
er [M]. Shanghai: Shanghai Jiao Tong University Press,
2016.

MR, WMLLG:, ES, 5 BIEEEOR & LR
WLI]. WA, 2017, 4(5) @ 417429,

XIEJ C, HUO HL, SUZT, et al. Review of nuclear

(2]

thermal propulsion technology development [J]. Journal
of Deep Space Exploration, 2017, 4(5) ; 417429.
[3] HASLETT R A. Space nuclear thermal propulsion pro-
gram: PL-TR-95-1064 [R]. [S.1.]: Grumman Aero-
space Corporation, 1995.
T TR PR SR HE I A A R G BT G B
ARHFFE[D]. dbaT: EHHEK, 2020.

JI'Y. Research on the theory and key technologies in the

[4]

(5]

[6]

(7]

[10]

[11]

[12]

design of a particle bed reactor based nuclear thermal pro-
pulsion system [ D]. Beijing: Tsinghua University, 2020.
JI'Y, ZHANG H, SUN J, et al. Thermal performance
optimization of a fuel element in particle bed reactors for
nuclear thermal propulsion [ J]. Nuclear Engineering and
Design, 2019, 355. 110316.

T, B, IMR, % S UTERR NS AR ETE
AHTLT]. TRERFRSAE, 2024, 45(4) ; 1156-1161.
JI'Y, MAO CR, SUN J, et al. Instability analysis of hy-
drogen flow in granular bed [J]. Journal of Engineering
Thermophysics, 2024, 45(4) . 1156-1161.

TR, WY, IMR, 5. B R G RE EA
SR EVIEIEL ] R RERl R, 2024,
58(3) : 680-688.

MAO CR, JI'Y, SUN J, et al. Preliminary research on
model and computational method of system analysis pro-
gram in nuclear thermal propulsion [ J].
Science and Technology, 2024, 58(3) : 680-688.
LUDEWIG H, POWELL J R, TODOSOW M, et al. De-

Atomic Energy

sign of particle bed reactors for the space nuclear thermal
propulsion program [J]. Progress in Nuclear Energy,
1996, 30(1): 1-65.

JIY, LIZ G, SUN J, et al. Numerical investigation and
parametric study on thermal-hydraulic characteristics of
particle bed reactors for nuclear thermal propulsion [J].
Nuclear Technology, 2020, 206(8) : 1155-1170.

CASEY W E. Thermal-hydraulic transient analysis of a
packed article bed reactor fuel element [ D]. Cambridge :
Massachusetts Institute of Technology, 1990.

MEYER J E. Some physical and numerical considerations
for the SSC-S code [ M]. New York : Brookhaven National
Laboratory, 1978.

HASSAN Y A, KANG C. Pressure drop in a pebble bed
reactor under high Reynolds number [ J]. Nuclear Tech-
nology, 2012, 180(2) : 159-173.

WP, REL, WAL BN HEY BB [ M.
TEITAS. P42 . V2SR T A, 2004.

WITTER J K. Modeling for the simulation and control of
nuclear reactor rocket systems [ D]. Cambridge; Massa-

chusetts Institute of Technology, 1993.



