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Abstract: The inert gas-cooled reactor based on the closed Brayton cycle represents a promising technical pathway for high-
power space nuclear systems, with the development of highly efficient and compact heat exchangers being a critical techno-
logical bottleneck for its engineering application. Recent breakthroughs in additive manufacturing have provided new oppor-
tunities for fabricating bio-inspired heat exchanger structures, particularly those involving complex three-dimensional con-
figurations like triply periodic minimal surface (TPMS) heat exchangers. This paper investigates the flow and heat transfer
characteristics of helium-xenon mixture in three types of TPMS channels using numerical simulations, with a comparative
analysis against printed circuit heat exchangers (PCHEs) of identical hydraulic diameter. Results demonstrate that TPMS
structures enhance overall heat transfer performance by 25%-45% compared to PCHEs, attributed to their higher specific
surface area and turbulence enhancement induced by continuously curved flow passages, with a heat-to-weight ratio approxi-
mately 2.44 times that of PCHEs. Unlike PCHEs, TPMS structures form curved surfaces in space that increase turbulent ki-
netic energy while maintaining zero mean curvature, resulting in smooth, continuous surfaces without flow dead zones.
TPMS structures exhibit higher specific surface area and volumetric power density. Due to their superior specific heat trans-

fer area and power density, TPMS heat exchangers better satisfy the dual requirements of lightweight design and reliability
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for space reactor applications. This study provides both a theoretical foundation and empirical data to support the bioinspired

optimization of additively manufactured compact heat exchangers.
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Table 1 The geometrical parameter of TPMS and PCHE

Eo ) Lymm Lymm Lzmm Dh/mm §/mm  6/(°)
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Fig. 2 Mesh generation

1.2 TEER ?ﬂLﬁﬁﬁ:iﬁﬁ
P PR 07T B VA DA I, L BT AR S R [
PRI ¥ RAI AR SR Y 2R A B O
F P E R O BB R & TCIE
NI AR VPR SIMPLE B3R i i s — i
AR, YIS SR AR 228 T 107
HT ARSI RS, TR I AG I L 11 ) -2
VE%LE'J% R TR KB 40
g/mol IIRA T, /leilél’h_ﬁ'ﬁL SHRE W2,
*2 WREHEE

Table 2 Boundary condition setting

FhA YA
2% i) bS]
biign| o e s
T/K 800 500 —
p/MPa — 3.0 — 3.0
Re 4800~48000 —  7000~70000  —
2 FERESWH

DATE XS i PR B I ST 32 B4 v AE A ST



78 F I3

2026 4F

RES A L 85 2R (Nw) FIEE S DB (F) o AEAR T
FEH, 85 28R MO I 1 S R R AL TR AR T e
K HAR DAV MAR AT . R R AR
B e B33 (60T, SRy 55 28 IR BRI 155 28K

B R (6) 5.
o/4
hoca = (5)
focel Twal/_Tbulk
Nu=w, M=i " Nu, (6)
A n &=

K QRIGE & ;A4 B RUE I FL; T,,. 2 BE ]
TERE s Tou 2 EVMAIRE s AR WK S A =)
HRBH 7 Z 0k S Y o S HE 0 R i sh
225 . SRR RO E A R R s
Tia) AN ] 3 T A7 Ak 1T 38 R 0 S5 11 ) i 254
R, B (7) 115
P,—-P)(D,\ - 1<

G r o 1 U U
X P, RO ST 5 PO 7 B AL B2 R
T7 5 oo e RIS Ak (9 - 359 B 5 v 2 T Ak 1Y
SR 5 LS B AL k SO Z AR E . L8
BB ZEL(PEC) JRL5A 7% JEH AR (137 Bh it
P SE, BRI E L (), Ho R bR “base” 5K
ZIHLIR
Nu/Nu,,,
2.1 imEhfERIERE

&1 3k Re=28 300 Hif ¥4 Yt 4 38 11 4 11 i Ik 20 g
434, TPMS F1 PCHE ¥4 3¢ 3 5 K 1) 3 2l g, (H &
TPMS i 2l e 5 =5 H A3 A BE345) . TPMS 45 #4978
AU B DX 3R 55 B 5 559 ) PR A . R AR AR
B2 T — A48 8) , {H PCHE H 1 {ifi it 0
AER IR T TPMS 2544 , i 322 iy T PCHE 138
U ZEH AR KRB 2%, TPMS 454 rh B I8 feid =
FhoaT B (4 9L 3 7 1], A4 1E 1) RRES [ 3 3. PR A 4
AN, TPMS Jm) i 8% € /R 8 L PCHE =18 2 . A
T h A TE TLAR AR, e A R RS

TPMS 145 s A 3% 4 1) 3 3 S 25 40 T i
TBlfE. i S BERG AN & T e R T HLS
HOE SRR, B4 IS 7 a1 )R R 8% SE IR EL
FURHBH 1 250, TPMS A Jaii 4% 28 /R BRI B BH

PEC= (8)

C——— i BhAEsEE:Gyroid . Primitive. Diamond, PCHE

TKE@n*-s~) [T . TKE(m®.s)
0 457e-02 9.14e-02 1.37¢-03 1.83¢-03 0 944et01 236402 3.54e+02 4.72e+02

D 6 A O 6 4
NG AR AN 0600000 0 0
e o0 0060 @ (

)
NG R AR 0000000 0

- TREQs™) —
POCSRRY —— 0 LI6et02 2320102 347¢102 463¢102

0 62901 1.58¢+02 2.36e+02 3.15¢+02 & o >

3 HULEEEREEES

Fig.3 The distribution of turbulent kinetic energy in the cross-section
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