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Optimization design of space reverse Brayton cryocooler based on recuperator
effectiveness and flow resistance characteristics
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Abstract: With the development of space missions, the demand for cryogenic high—capacity space reverse Brayton
cryocoolers in the tens of watts range has become increasingly urgent, while the efficient design of their key
components still faces numerous challenges. As a core component, the cryogenic recuperator directly determines the
refrigeration performance of the system while accounting for a major portion of the system’s weight. Therefore, in—
depth research on the impact of recuperator performance on the system and achieving efficient and compact design
is of great significance for advancing space refrigeration technology. The recuperator solutions for a 70 W@70 K
space reverse Brayton cryocooler are investigated, with quantitative analysis of their performance impact on the
cryocooler system. Results reveal that the thermal-hydraulic characteristics of the recuperator significantly

influence the system’s cooling capacity output. Therefore, a high—performance cryogenic recuperator design
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featuring high—density micro—pin—fin structures is proposed. The proposed design achieves exceptional
compactness with a specific surface area exceeding 4400 m’/m’. Cryogenic experimental validation demonstrates
superior performance, with heat transfer effectiveness ranging from 96.7%-97.4%. Through comprehensive
comparative analysis with existing solutions, the proposed micro—pin—fin recuperator achieves 82% volume
reduction and 64% weight savings compared to the compact plate—fin heat exchangers widely used in cryocoolers.
Under identical volume constraints, it exhibits significantly enhanced thermal-hydraulic performance with a
Performance Evaluation Criterion (PEC) exceeding 2.9. Furthermore, the influence of micro—pin—fin structural
parameters on both recuperator performance and system cooling capacity is systematically analyzed, providing

guidance for design optimization.

Keywords: reverse Brayton cryocooler; space cryocooler; printed circuit heat exchanger; heat transfer;

microchannels; experimental validation
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Fig.1 Reverse Brayton cycle and T-s diagram
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Fig.5 The numerical model of cryogenic counter—flow heat exchanger

1.4 SUENRIEBREXGABEEN LR E
RESIIE % PCHE RO YERE , #5481 80 KK M
WOF G, T PEAS PCHE fOAE ORI sh ik e o i

R R4 LBt PR EF e AR 2 AR [R] , AR &K

%

0
®

.y

.a..u.

HEWE

B K AR R B R B AR SN 3
a1t

2.1 [EIAB[BIUKER

iG#E PCHE A PEREMNR 25 R 7 fis . S0
g5 R WK IR PCHE 7E A% #2014 58 U7 1 3R 2
Pest o RN 51T, Bt A K = 2% PCHE 52
T 96.7%—97.4% WA TR F1¥A vt 14 R e
I3 9°h 2.7-3.2 kPa 1 3.3-4.1 kPa, SZERHFSE T 4
A 3R (288 K-321 K) X i PCHE 1 E (19 5%
M), Z5 BN 1E 7 7 o Bl B 1R T i, i

2

/DN 50 2 FEE AR RS 514 mmx 166 mmX
27 mm, SEEEE B UK 6 s . He AR A0 T [ 00 i
M AN 2 B 43 R 4.5% F19.2%

AR
Ko R AR 5 BRI

Fig.6 Experimental setup and cryogenic PCHE testing specimen

T 2538 T, 4 AR B AR T, (R B e R A T
e AR, 2R HE IR EE DA 306 K T2 321 K,
e BRI 96.9% $ETF 5 97.4%, L EFE M 6.5 kPa
KN 7.3 kPa, 32 Ry R T 3G 0 T v A
T2, oAb T AR AT R AR T AR R,
FROAE AR VoL JEE el A5 DA 250 WS Al s o g
ATt
22 [EHFJHEITLE

5 TR H ARG IR 75 3% PCHE 5 4% G5 Ml 2 B
#% (Plate—fin Heat Exchanger, Th] T8 FR A PFHE) #E 47 %%
oL SR AN 7 s o AEAH TR RO AR TR B R Hg,



6 b T 4k 55 XX
100%,
" st
ogen b
.......................... =4} .-
TR = - -
. I B B2 s = _—
= » PCHES 5 &  —
= M —a POHERR R EE] o _—
% —=— PIHERTE R =813 N T =2 s
gam L 4 Vi‘_r = PONESERRER
o ] o POHER R
\ 'l —a— PEHERFEY
Y0 b ]

A R AE (K)
(1)

IRS 290 295 300 305 310 315 320 325

gl e
85 290 295 300 305 310 315 320 325
Al DREE (K)
(2)

7 Al B Fi B Al e i 5 8 M i ) L 2l S e pA e
Fig.7 Thermal and flow performance of proposed cryogenic PCHE and PFHE

B A IR 2 DR DL B PR B, Ho e AR
AR B A AR 55 14.5%-22.0% . X PR S PERERS
fi AR T B0 PR g A At A g ) R 2 R SR AL A%
T RN B i 1Y LR A AL GE A A TS
TR A AT AR ES A AR B A R A2 305 A s
Hil R HLEYHERE 2K . W shMERE 7 T, B ko
AR 1) e R AT AT T B0 ] e, s Al e AR 85

D E VEAL AR T BRI LR G ERE DI ALR S
P BE TN 1 M) (Performance Evaluation Criteria , fij FR
PEC) XA [R] RO BB i B A e 65l X A 2 R Al
M P EAT PEREXS L, 45 R AN 8 fF 7R . PEC
LRG58 T AR Y RN S RE L T T T A
XF T2 %5 4 A28 1Y PR BB 1 0 (PEC > 1) B I8 59
(PEC < 1), PEC & X H:

(Nu/Nu, )
G/ ¥

o, Nu FF 43 502 A I L E g A X 2 2%
1) 8% FE R BRI BEH2 K 7~ , Nuy F1E 43 5124 ) R4
A 8 A B 9.5 mm) 7E M [A] R i F
(5% SE IR BRI BE I X 7 .

W 8 FT s, i it H 118 0K ek B0 Rl e 6 A X A
PR PECEAT T 2.9-74 Z 8] , Bh & KT 1, W H
ZEA PR W O T B0 O S R . X Rk
1R 25 5 1 BB 8 A IR 10 A% B A R A M T -
i A AR AN S BEL 46 0k o TR A AR BT R B Al
P IR (1 PEC Bl 50 2 0 2 48 i 2 R A, X
PR BB 7R T B I o 9 o 1 B e R e T
B ELRE LT . BRI, 24 0.3 mm EY i Ha AR
AR B T I N 14 o/s HEINE 29 ofs B, BLE
R IR B4 N 24 114.7% (DA 6.8 kPa 5] 14.6 kPa) , T #
PRI TR A5 (98.7% 51 98.8% ) , S 2L PEC M

PEC =

492 3.6, AN, WO BHAR XK IR PCHE 25 &
PERE A T, EMFEBR AT /NER
T3] $ A5 50 = 19 PECAE, WKl 8 Tk .

10 T T T T

PCHE: D=0.2mm —o= D=0.3mm —v— D=0.4mm
PEHE: —=— #=9.5 mm

8 L

oy 6-

PEC
[ ]
a

Il5 ZI() 2l5. 31[|'
TS (g/s)
8 AR IELEN I FiL i Al e B 5 B AR e PR A 2
B TEREXS L
Fig.8 Comparative analysis of proposed cryogenic PCHE and
PFHE

WK 9 FFR , AEAR A 4 A0 (97.8% ) 55444 F
JUT R 4 AEC I 1D R e i B X 4 AR A B e AR
J7 A R T B S U AR . DRI R
PR ER T 5 R G T 1Y 31.5%-58.2% , ™ ik T 5%
AR B . HOR XA TR] [l AR
J5 % AERBUT AT 4 A IR PCHE #0158 8L T
82% 1A TR /)N | 55 128 MR 3 4 A 75 4L 0.027
m’ AR SE A AR AP T B R R Al X IR
0.0048 m*, fE T i J7 1 , ik ik PCHE (5 44 5T &
12.6 kg, H b F 55 2000 X B8 11 34.9 kg I/
T 64%. KR PCHE 784 FUR ot &t 7 1fi 1) ol 2% ol ik
VPR e B S BT . HOK I EARAU R 0.46



5 XX

www.hgxb.com.cn c 7

mm, A3 A S Y 1.8 mm U8/ 74% , DT S
BT LS A RN

80

T IEEry B
L EEE | REites
B 5 4Bk — 1A b

PCHE &%t

P19 ARIELED I H A s At 5 B A e i i 14 o
#Xf

Fig.9 Weight analysis of proposed cryogenic PCHE and PFHE

PFHE# %t

2.3 {RIREDRI BRI ES IH T

10 R T B A% (0.2-0.4 mm) FlJiT & 38
i (5-12 kg/(m®s)) X AR I B[R AR B A X 46 A 2%
(PCHE) & SR TR R SE MR o Bl o ot 3 o (1Y)
B, ARG PCHE e PR $2 &, (R sh M g Ak .
& FANE BB I 4 T 15 5 A 3 5 3G o 7 U AN 5% g
IR B B MAH C , HE R 1 1 R 2225 F il T s
AL 10(a) 7R , 4 A0 50 B o ot 3 1t 3G K 4 2

99.5%
S3lol.
D=0.2 mm
. —— =03 mm
99.0% F _, D=04 mm 1
98.5% 1
K
&
98.0%
97.5% ° ; ' I
h 6 8 10 12
JREIEE (kg/m’s)
(1)

PP B o 7E il AT 8 ke/(m’-s)Fr Bz, 0.3
mm f§ Bl) PCHE B 4 #4380 3 11 5 ) 97.9% 2 7+ &2
98.9% 5 SR 1M , Bifi 45 T 2k 3 2 9 A SR 3G K, e BABROR
TR . BXOR T, T R A T I
AR R B RE AR T I 2R R A A T R B A
TAEAVERE R — D4R T . il i PCHE PR B
{145 M) 02 P B 70 KR IR 1 ¥4 BT P i 113 ) 2 2
L IE S . BRSO i T 4 3G
[[0F: N (ER £ 2 G N A o Vi s S (Y S I R oo
WERTE, LM E 42 0.3 mm i PCHE M ], 24 &
I S kg/(m® )BT 10.5 kg/(m®« )}, 2 HL
IS N 22.8 WHEFFZE 83.0 W

O LA ARG I v 455 [l A8 1) P et A BRI
S, W10 R fER R s A2 LU B B 54T
U /N R AR AT AROR | LR B AR Al AT X 5K
Ao BRBHAT FLARIE/N , 8% FE IR B AR, (R AL 3R
R IR T 53X — A FIsEm . 6lan , # B4
0.4 mm B /NF] 0.2 mm, EHE G T 16.1%, %
i B4R X PCHE i sl 4 24P il 1) 52 i 1 [R] B 1A I A
170 KA I v AL fa i v B B A 11 s
Bl A R /), U B0 A TP B 2415 B el 3 fif
75 ¥4 B ¥4 2 i B R A AR R R
10.5 kg/(m’«s) B, 4 G FL A2 M 0.4 mm 35 /N 5] 0.2
mm, HE L HREM17.7 WIS E 244 W, i
FHET37.9%.

10} S3loL
P D=0.2 mm
= ——D=0.3 mm
2 B[ e =04 mm
X
E of
..R
‘::“:‘
g 47
R

2 L

4 6 8 10 12
JERGEA T (kg/m’s)
(2)

P10 il B Fi B Al e e 7 A ) J o e R A2 A A R sl P R

Fig.10 Comparison of cryogenic PCHE performance under different mass flux and fin diameters

Xt AT TSR] Bl R e T 58, T T IR R 56 U
Mttt EEEEME

(1) [ A B8 480 A 8l — S5 A P o 06 A 7
M HLEA RF R o PR R 19% A] 5 A

WG X 70 W@70 K 23 8] 33 A5 55 0 il v %
Gt , BT — B AU IR B R e AR S e S I



- 8- b T 4k XX
100 . . . . [2]  Rosenbush F M. ECS schemes for all electric airliners[J]. SAE
T0K Technical Paper Series, 1982, 1: 820870.[LinkOut]
S3l6l [3]  Ahmed M M, Ehsan M M. Design and off-design performance
80r D=0.2 mm ] analysis of a zigzag channeled precooler for indirect cooling
g ——D=0.3 mm system of supercritical CO, recompression cycle incorporated with
= 60— D=4 mm ) a flow—bypass system[J]. Applied Thermal Engineering, 2023,
m 226: 120321.[LinkOut]
% 40 E [4]  Zhang Z X, Chen L, Lv H Y, et al. Experimental and numerical
ﬁ investigation of a high—effectiveness cryogenic PCHE for space 80
20} d K Brayton cryocooler|]J]. International Journal of Refrigeration,
2025, 176: 26-39.[LinkOut]
0 , ) , , [5]  Biglia A, Comba L, Fabrizio E, et al. Reversed Brayton cycle for
4 6 8 10 12 food freezing at very low temperatures: Energy performance and
ﬁgﬁg (kg!mls) optimisation[J]. International Journal of Refrigeration, 2017, 81:
. § . ; 82-95.[LinkOut]
PELLT AR Rt L Bt 211 ) i A3 R [6] Biglia A, Bilardo M, Comba L, et al. Performance analysis of a
T HLAY 70 K H 1 dat nitrogen—based Brayton cryocooler prototype[J]. Energy, 2024,
Fig.11 70K cooling capacity of Brayton cryocoolers with 290: 130095.[LinkOut]
various mass flux and fin diameters (7] ZE3C, BRBCT, ARng, 45 . i g B AR IR VR S 48 #A T 2
). a5 [ RFFA2E4R, 2023, 43(4): 694-702.
a?@)ﬁﬁrﬁu V‘%HLE 70 K E]/‘J Lr-ﬁu Y@%%ﬂ 58.6%; *HX‘TH__{F% Li W, Chen S P, Zhu M, et al. Thermodynamic characteristics of
F%{E\E 3.1% m‘,@i%u \{é\ﬁ%ﬂ 26.7%. Eﬁ%ﬁ@ , 1] cryogenic liquid krypton t?nf in microg[r:lﬁvizf][‘]]. Chinese Journal
. . of Space Science, 2023, 43(4): 694-702.[4E
m%% Eﬁ%u Yé*j[‘)é\ﬁiﬂg H‘/‘leﬁj‘ﬁ 31.5%-58.2% [8] Chalr)lg H M, Chung M J, Kim M J, et al. Thermodynamic design of
(2)3‘3‘?51"["[ B‘J%%T}_:i( 114 cmﬂﬂﬁﬁjﬂfﬁ?ﬁ%%ﬁﬂﬁu methane liquefaction system based on reversed—Brayton cyclelJ].
%%*ﬁﬁﬁmggﬁﬁi%\%\iﬁ , ,E:ﬁ'ﬁtj% E"Jﬁﬁl\‘ i Cryogenics, 2009, 49(6): 226-234.[LinkOut]
o - Y > [9] Chang H M, Ryu K N, Baik J H. Thermodynamic design of
Y}ﬁxjj‘ri HE ° Efj:/%tﬂ E/J{E‘Eﬂﬁﬁi PCHE Q;IET 96.7% hydrogen liquefaction systems with helium or neon Brayton
-97.4% E@ﬁ;&ﬁﬁ%ﬁ , ?ﬂﬁﬂ”ﬁ*ﬂ ‘{é‘\%ﬂ/‘]}iﬁ%ﬁ%”% 2.7- refrigerator(J]. Cryogenics, 2018, 91: 68-76.[LinkOut]
3.2 kPa ﬂ] 3.3-4.1 kPa, [10] Cardella U, Decker L, Klein H. Economically viable large—scale
T b u 3 hydrogen liquefaction[J]. IOP Conference Series: Materials
(3 ) Ej*ﬁﬂﬁﬁm%&*ﬁ l:[: ’ FJ?% Lu E,(J f&{ﬁl PCHE Science and Engineering, 2017, 171: 012013.[LinkOut]
Y:E;FB Ia IN —'J‘F PEC 1k 2.9-7.4 ’ %%’ri ﬁgﬁ %%ﬂ ° [11] Swift W L, Dolan F X, Zagarola M V. The NICMOS cooling system
TE AR EE 3 PR R Y 544 F L IGIE PCHE A8 L A 3 =X — 5 years of successful on—orbit operation|C]J//ADVANCES IN
}ﬁ%ﬁ@%ﬁ{jK*E%Hﬁ%ﬁ%uvﬁ//\ 829% #l 64% . %fmﬂjﬁ CRYOGENIC ENGINEERING: Transactions of the Cryogenic
‘ . Engineering Conference — CEC. Melville, NY: American Institute
) S AR b of Physics, 2008: 799-806.
(4) *H [ﬁ]%ﬁé [‘,‘KF s ﬁ;‘dﬁﬁj] E}fé@d\ ,PCHE E]/wj ‘bﬁ [12] Deserranno D, Zagarola M, Li X, et al. Optimization of a Brayton
Zj] %u%ﬁ%m,ri ﬁ'éﬂﬁ? , ﬁ%ﬂ \{/%m 70 K ﬁ:}u \{/?\E‘%Aﬁ Hj ﬂj{ 3 cryocooler for ZBO liquid hydrogen storage in spacelJ].
NN . - A A~ Cryogenics, 2014, 64: 172-181.[LinkOut]
éﬂﬂﬁjJE/TéM 0.4 mmmlj\iu 0.2 mm HTJ‘ ’ ﬁi‘u{? *j[‘%ﬂ Hj [13] Jedrich N, Zimbelman D, Swift W, et al. A mechanical cryogenic
ﬁ;‘IJ ‘//%%%3‘_[_ 34%-115% . cooler for the Hubble Space Telescope[R]. Goddard Space Flight
RTIEEAT IR T —fy G
NN N TN N . ao , fou Y, u , et al. bxperimental study on the
‘I‘i ﬁlé NG I"A%{%‘Ii E(J %ﬁiﬂj‘ [l ﬂ%&ﬂ“ﬁ% ’ X¢ Tﬁzjjgi performance of an aircraft environmental control system[J].
I‘ETJ 'fE& {J]%llﬁrﬁlj 7/?\&7& E/‘J E%E‘ﬁ E E %':\X ° ﬁéiwl%‘jﬂ: Applied Thermal Engineering, 2009, 29(16): 3284-3288.
— 2L I Jre AR AU v A L A B Ve ML R SE P e s gi“kd?“‘] L M 1 il © . Cooneonten fo i
S 32 v TS e N N reedlove , Magari , Miller . Cryocooler for air
YI)—IJJ ﬁ:t ’ }JFJE Jiéé‘: *@%ﬁ’ﬁﬁ’ﬂﬁ *ﬂ ‘{ﬁd}%‘@ﬂj{ﬁiﬁ[ﬁ% liquefaction ~ onboard  large  aircraft{CJ//ADVANCES  IN
TE RS T I S s e, LA FE o RO = CRYOGENIC ENGINEERING: Transactions of the Cryogenic
&‘ﬁ E?f@%ﬁ'{% rETJ {E&ﬁﬂiﬂ ‘(/%&7& rl‘l E/‘J‘Z*E}iajj o Engineering Conference CEC. Melville, NY: American
Institute of Physics, 2008: 838-845.
%%iﬁk [16] Choi C H, Chang H S, Park D S, et al. Helium refrigeration system
for the KSTAR[J]. Fusion Engineering and Design, 2006, 81(23/
[1]  Hou Y, Zhao H L, Chen C Z, et al. Developments in reverse 24): 2623-2631.[LinkOut]
Brayton cycle cryocooler in ChinalJ]. Cryogenics, 2006, 46(5): [17] Briend P, Dauget P, Delcayre F, et al. Air liquide cryogenic

403-407.[LinkOut]

system for the KSTAR device[M]//Proceedings of the Twentieth



XX I www.hgxb.com.cn + 9.
International ~ Cryogenic  Engineering  Conference (ICEC20). Phase Change Material Heat Exchanger Development[C]//
Amsterdam: Elsevier, 2005: 103—106.[LinkOut] Proceedings of the 45th International Conference on

[18] Chang H S, Baguer G M G, Cho K W, et al. Design issues of the Environmental Systems. Bellevue, Washington: International
distribution valve box of the KSTAR helium refrigerator|M]/ Conference on Environmental Systems, 2015.

Proceedings of the Twentieth International Cryogenic Engineering [28] Cragin K J, Zagarola M V. Development and testing of a high—
Conference (ICEC20). Amsterdam: Elsevier, 2005: 43-46. capacity 20 K cryocooler[C]//Ross Jr R G, Raab J R, Miller S D.

[19] Kim Y S, Chang H S, Cho K W. Technical Requirement for the Cryocoolers  22.  Boulder, CO: International Cryocooler
KSTAR Helium Refrigeration System [R]. Korea: KSTAR Helium Conference, Inc., 2022: 335-343.

Refrigeration System project internal release document, 2004. [29] Nellis G, Dolan F, McCormick J, et al. Reverse brayton cryocooler

[20] Dhillon A K, Ghosh P. Performance characteristics map using for NICMOS[M]//Cryocoolers 10. Boston, MA: Springer US, 2002:
exergy analysis of reverse Brayton cryocooler for HTS 431-438.[LinkOut]
applications: Selection, Optimization, Design and Operational [30] Zagarola M V, Breedlove J F, McCormick J A, et al. Turbo—
guidelines|J]. Cryogenics, 2020, 106: 103024.[LinkOut] Brayton cryocooler technology for low—temperature space

[21] Mito T, Sagara A, Imagawa S, et al. Applied superconductivity and applications[J]. IR Space Telescopes and Instruments, 2003,
cryogenic research activities in NIFS[J]. Fusion Engineering and 4850: 1029.[LinkOut]

Design, 2006, 81(20/21/22): 2389—-2400.[LinkOut] [31] Hill R W, Izenson M G, Chen W, et al. A recuperative heat

[22] Hartwig J] W, Kamotani Y. The static bubble point pressure model exchanger for space—borne turbo—Brayton cryocoolers[C]//Miller S
for cryogenic screen channel liquid acquisition devices[J]. D, Ross Jr R G. Cryocoolers 14. Boulder, CO: International
International Journal of Heat and Mass Transfer, 2016, 101: 502— Cryocooler Conference, Inc., 2007.
516.[LinkOut] [32] Onufrena A, Koettig T, Dorau T, et al. Cryogenic performance of a

[23] Clavel F, Alamir M, Bonnay P, et al. Multivariable control compact high—effectiveness mesh-based counter—flow heat
architecture for a cryogenic test facility under high pulsed loads: exchanger|J]. Cryogenics, 2022, 125: 103495.[LinkOut]

Model derivation, control design and experimental validation[J]. [33] Zagarola M V, McCormick J A. High—capacity turbo—Brayton
Journal of Process Control, 2011, 21(7): 1030-1039.[LinkOut] cryocoolers for space applications[J]. Cryogenics, 2006, 46(2/3):

[24] Hartwig J W. Screen channel liquid acquisition device bubble 169-175.[LinkOut]
point tests in liquid nitrogen[J]. Cryogenics, 2016, 74: 95-105. [34] Onufrena A, Koettig T, Naydenov B, et al. Design and
[LinkOut] performance of a novel compact high—effectiveness transparent—

[25] Anderson J E. Superfluid helium acquisition system development wall counter—flow heat exchanger fabricated using additive
[JI. Cryogenics, 1989, 29(5): 513-516.[LinkOut] manufacturing[J]. International Journal of Heat and Mass Transfer,

[26] Deserranno D, Zagarola M, Craig D, et al. Performance testing of a 2024, 218: 124726.[LinkOut]
high effectiveness recuperator for high capacity turbo—brayton [35] Tanchon J, Lacapere J, Rey J C, et al. A 40 K turbo—Brayton
cryocoolers[C]/Miller S D, Ross Jr R G. Cryocoolers 19. Boulder, cryocooler for earth observation applications[C]//Miller S D, Ross
CO: International Cryocooler Conference, Inc., 2016: 447-454. Jr R G, Raab J R. Cryocoolers 20. Boulder, CO: International

[27] Hansen S W, Sheth R B, Poynot J, et al. Continued Water—Based Cryocooler Conference, Inc., 2018.



