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Conceptual design of a nuclear-powered propulsion system utilizing

a multi-stage compression Brayton cycle
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2. China Nuclear Power Research and Design Institute, Chengdu 610213, China)

Abstract: Regarding the application and necessity of space nuclear power in deep space exploration, the
system efficiency can be enhanced and the performance requirements for the compressor can be reduced
by increasing the number of compressor stages on the basis of a simple regenerative Brayton cycle,
thereby its reliability is improved. By establishing a helium-xenon property model and a thermodynamic
cycle model, and conducting a sensitivity analysis based on the Sobol method, the impact of parameters
such as the temperature at key cycle nodes, turbomachinery efficiency, and compressor pressure ratio on
cycle thermal efficiency and specific mass was studied. In addition, a multi-objective optimization using a

multi-objective particle swarm algorithm was performed to obtain the Pareto set of key performance
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parameters for the system. The results indicate that under identical parameter conditions, the thermal

efficiency of the multi-stage compression Brayton cycle is 22.33% , which is superior to the 17.75%

thermal efficiency of the single-stage compressor Brayton cycle. Increasing the number of compressor

stages effectively improves the net efficiency of the system, the load on the compressor is reduced, and a

theoretical basis is provided for the design of efficient space nuclear power systems.

Keywords : multi-stage compression; Brayton cycle; binary gas mixture; sensitivity analysis; Sobol-

Sequence
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Fig.1 Physical properties of different components of helium-

xenon mixed working fluids
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Fig.5 Multi-stage compression Brayton cycle model



132 ko Fi

(.

2024 48 H

FHEE T BAL T 45 ] X A B W00 2R, 22 90 1 4
ACHE R AL B AL 18 T 5 880, LA 3440 91 R & A el
A FAZCRN 22 9% s A A B I BR A AL AR 43 1Y OC
HESENE 3 PR,

xR3 BERXESH
Tab.3 Key parameters of cycle

o PR FAYRAR
- ZEBE B
FEAKHLBICR 14 0.89 0.89
K MR 1 0.90 0.90
JEIK L e 2.01 2.01
P > o, 0.85 0.85
BRI B, /% 0.50 0.50
HESHLECR 1, 0.85 0.85
v g Y o 0.85 0.85
B RALE R 2 0.02 0.02
EEMEH 7 1.42 2.01
[B] V% g5t B,/ % 0.50 -
wEH 028k
p
py= (21)
Ty
T, = T, + TypyCar = D (22)
VIR AR
Q = Aga[T%éf7§__71] (23)

XA TR & ARG o BRI R A T,

NTFHE IR

Py [n] P i oy
.Gl [C,T, - (1-2)C,T,] )
g, T C,
ZRIEA L RE N
T, = 7;(1 b _417) (25)
Nc Nc
T, =T, (26)
T7 = T6(1 +L7T:~€l —L) (27)
Nc Ui
¥ ity (] PRt A
LGl +_ac[c%7; - (1-2)C, 1] s)
8 Cl’s (1 —z)Cp8
RE TR R

Wy = mundT,C, - C, [T, + T,myCai — D1}

(29)
REIIZN
Wy = 77+1W'r (30)
JESALFEY) R
1.
W. = —m 1 &t 1
C e [C1)4T3(] +a77-cl‘1 _E)_ CP3T3]
(31)
1.
W. = —m 1 &1 1
oo bt - ) )
(32)
W. = WCI + WCz (33)
TEA R FE TR P
0= -2m(C,T,-CT) (34
&S|
Nn = (WT_WC)/Q (35)

A B WL TT AL IR LA & L ALX 3 &
Sra, Hopr R vl 2 (36 ) AT A, Hoh 200
HEO 1.8,

A TR BT AR R Ny
1 +0.52In(my)

My = CaBRUP(e)JN%I?U 1.93 (36)

_ T, \ T,
Qe = 5.893(1 000) +5.829 ot +12.19
(37)

AR AR e 25 2 56 T A1 7 4% T % i R e 9
SRR A SRR R A3 B, A R R T B R R A
26.4% ,

AR S UV A o AT PR A1 P i
il 1200 K, IR R AR O 400 K, JRHLI
FR58 A 2 MPa, 7341 8] % gt 5 | A 36 3807 24 4
REASENA , Qe 4 P SR — R HLRISE — 9k
SHLZ IRV AR A 5T, BR X T 5T Y AV RE R fiE
ROHI T, ARG 17 v o [ PR 25 0 A9 3L B2, 3 T g
T e S I A Y W B By T AR
JEASHLA R R [, AR T R G0 LT ™
A B AR ), O 45 S 045 e R B v T AR GE Y T
P, R R T ARG AECR . RIS
R ALV A5 B 5 LA 28 G AR A3 B 4 TR 2 AU AR
P, DRI 22 0% 1 2 A 7 AT B 0 7 e SOL 22 [1)
IS gt — 3t i RGEVERE



5550 &5 4 1)

AT YA T RN R H it R SN 133

F4 R BEXEIRERESHRMW

Tab.4 Effect of intercooler on cycle performance

parameters
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PR/ % 22.33 18.38
B GERHLATIRE/K 400 470
5 RESMLE FR /K 470 554
ESHUELE/ KW 425.35 462.91
Al g v o i IR /K 884 897
ARG/ kW 801 769

[FIREAR S R SR AT, X b 2 46 Al
BALR IR AE R PEIIERE AN, TR S RN S PR
RS GBA B = T RGNS ECR (H
w1 LR B 0 B0 20 89 LE BT 4R T, AR
LRI REIA AR T B — e LI PR BE K,
FEAH TR B PR REZERK R B 13 LAY B4, A 5%
P 1R SCHLAY RS A 2 i, % T 1]
TR AT 55 SR A A fR Bt

RS BEIFERES T

Tab.5 Comparison of cycle performance parameters
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BRI T
RO
s,
Vary [E, (Y1X) ] = }VéﬂB)_,- L [fAB), - f(A),]
(40)

N
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(41)
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x,) A
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1 « )
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Tab.6 Variation range of the key parameters of the cycle

near the design point
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Fig.6 First-order influencing factor and total effect index

of thermal efficiency
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Fig.7 First-order impact factor and total effect index of

specific quality
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Fig.8 The mass and specific mass of the BUR unit of
the system varies with the pressure ratio of the

first stage compressor
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Fig.9 The thermal efficiency of the system varies with

the pressure ratio of the first stage compressor
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Fig.11 The thermal efficiency of the system varies with the

pressure ratio of the second-stage compressor
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Fig. 13 The thermal efficiency of the system varies with the

expander efficiency and the compressor efficiency
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Fig. 14 The thermal efficiency of the system varies with the

expander efficiency and the compressor efficiency
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Tab.7 Dual-objective optimization of Pareto optimal
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