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Abstract

With the increasing application of printed circuit heat exchangers (PCHEs) in small modular reactor
systems, their thermal-hydraulic performance and structural reliability have become key factors
affecting the economy and safety of the entire energy conversion system. Currently, research on the
comprehensive effects of different fin structures on the heat transfer efficiency, flow resistance, and
mechanical performance of PCHEs remains insufficient. To address this, the present study employs
a thermal-hydraulic-structural multi-physics coupling method to systematically analyze the compre-
hensive characteristics of five typical fin configurations under a helium-xenon mixture working fluid.
First, the accuracy of the numerical simulation method was validated. Second, the heat transfer per-
formance and flow resistance of the five fin types were compared. Among these, the wide-body air-
foil (NACA 0020) exhibited the best heat transfer effect, while the slotted spindle type showed the
lowest flow resistance. Finally, the structural strength of the five fin types was compared and ana-
lyzed. The study found that mechanical stress constitutes the main part of the total stress in the heat
exchanger, while the thermal stress in the core is relatively small. For heat exchangers with the same
external shape, a larger proportion of the top surface area of all internal fins correlates with a lower
average mechanical stress at the fin tips. Stress evaluations based on the ASME code indicate that
all configurations meet the basic strength requirements, but the safety margins vary significantly.
The wide-body airfoil, with the largest fin area proportion, has the highest safety factor. In contrast,
some novel fins designed for low flow resistance or enhanced heat transfer exhibit safety factors
approaching the minimum engineering requirement due to localized geometric weaknesses.
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Figure 1. PCHE heat exchanger basic structure and fin types
[El 1. PCHE AR B A LB AN 7 268
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Table 1. PCHE model parameters
F 1. PCHE #RE&2%

Ls/mm Lymm Ls/mm Ly/mm Lr/mm Ls/mm

3.6 6 6 12 61 19

2.2. RN DTN ARE

FEAWTCH, W TN He-Xe, BEFUERM], g iR G HB ) SR & 40 AR Hi e s A 1k e A
R AEYE, AT e g W LA AR (K RT RN o 2526 SCRR (8], AN BRI R AH K IK  7o A
REBRF, REAGWESEL WE 2 Pos.

520.8 - 16.5x10°520.0 6.5x10
f — I (kgim) 0.15 ” — HE (kg/m) os]
— WA JkgK) | P — W (J/kgK) )
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—— KT (kg/ms) 5 5210° —— HE (kg/mes) ,
15.5x10 45.5x10°
s204f 107 0.13 s21.0F 20 0.137 %10
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Figure 2. Graph of He-Xe physical properties as a function of temperature at 1 MPa and 2 MPa
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123 30(6) AT LA H 22 4 R 8

§o Sw (6)
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RN 502.48 J/(kg- K)o XFTF 316 AN IVFFH L F1(S0) 558 E IR (S) Wi 2 fis o

Table 2. Allowable stress and ultimate strength of Alloy 316
*® 2. B 316 KIFR R A58 AR IR

T/K S/MPa Sw/MPa
644.15 179.8 112.4
699.15 175.4 109.6
754.15 173.5 107.3
809.15 172.1 106.4

2.3. BUE S ZEFAREH

A RKEEET Fluent, KFHIEH(SST) k-0 B!, Simple S5IF R H . A SCBRERERTR S Z S
(), YR T A ARSCRA BN e A . ARYE AN B A ER I B HE SE BRI AT IR 430 K~853 K /2
i, (EGIT AR RIS, G BOR G R 1 DX IR i 1B 56 mm 4R TR 1 it I, 78 CFD
N A, AN 2R B I R R N 0.96 g/s, AN IEE R 748 K. P4 2R 8 1 i B & A
0.48 g/s, ANIIREEN 853 Ko AR NE ST, #UE I8 1 MPa, A& 714 2 MPa. %iF
FEA K5, [ AR & 1R H CFD vH5 T3 2R E A ML 13 n#k, H+ HARF B shi sl ngs
P, HOO R (AR 3 T R AR .

Table 3. Calculation boundary conditions

=3 HEBRFEN

5 Fluent 5ok Ansys mechanical
®,® Massflow inlet ©, Unconstrained
®,® Pressure outlet Imported body temperature

®,®,®, Periodic ©, B Unconstrained

H T3 F AE e s O RS, e 5] 3 il N R VB T, oK I EAR AT B N

4y

D, ==

o vy 0 S o3 R /N B BT R SR E AR, A S AR, AH L5 S, sl oR#
B A K S A, 7O EE 1 mm.

)

V,=(5,5, -8, )H ®)
S=2(8,8,-S,)+LH )
T BEE R HL S TR 508
_ /D,
f:_2p%uiL (10)

i Ap 7 BEEIR IR, w, NP EITGE, L ONHRUERZ DKL,
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Figure 3. Minimum periodic unit
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Figure 4. Computational mesh details and selected path illustration
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Figure 5. Mesh independence test for CFD and FEM computational models
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2.5. RBITEHFE

R T BSHIE CFD AU VAR AT SE 1, AR IR S5 AN S5 0 S ELAR I S Bl AT Le . SR 3 A~ S
#& Taylor %6 N[ B IIFASLZIG AN Vitovsky 58 N IHE = A ZIEIE S, A SCRAFBRILT 77455 Wang [10]
—3. K 4 VEAU T IR LI R A A . AH RIS EOR B N T RUE AL, 15 I B A R
6 Fin, BEH LR CFD B R 5w & RIF, BEAREEE,

Table 4. Boundary conditions of the experiment

F* 4. IRAIDFEM

Sy ¥ 51 Pout (Pa) tin (K) qw (W/m2) Re
Taylor run707 928,019 298.8 157,094 34,443
Makarov Q6 403,000 298.7 12,993 29,524
800
= experiment —_CFD
10l CFD 360 PickedData2
run707
—_ 340 b
aA —
Z 560 :AE
= =
480 F 320 s
/
400 | (
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Figure 6. Comparison between experimental results and CFD model results
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Figure 7. Flow field visualization of various types of fins
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Figure 8. Calculation results of heat transfer performance and flow resistance for different fins
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Figure 9. Mechanical stress path result diagram
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Table 5. Top surface data of various fin types
5. BABPRTEEIE
Fin-1 Fin-3 Fin-5 Fin-4 Fin-2
AL 0.126732 0.091126 0.089286 0.08284 0.059641

10 7 PathA RUTEAA AR 5T BN A B ORI &R - B U N AR EGBOR, 1
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WE 11 R NN IR EIREURE IS R, M PathA B DUE H AN ) 35 B8 R AE 40 (0 AR X 4k ) 44
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Figure 10. Mechanical stress variation with area ratio diagram
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Figure 11. Thermal stress path result diagram
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Figure 12. Average thermal stress at the fin ends along the flow direction
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Figure 13. Total stress path result diagram
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4. EAFHESR

PathB /& (mm)

I PathA A1 PathB Jy PPk 422 XA I AN A2 9 e 2 v NE A e il 20, B SCRT R, Sl R AR
uiiib A PCHE B Afalifisr. AT HEELT PathA M PathB LIMRJ), PP ARAEIRETY 2.2 FioR,
ZAVFHIBRMEI A (D~G)Frn . BAFEAIRUNE 6 M 7 Fron, WEERTT LUE AR PP 45 REEVE
PR RGREEARBR 2T X T RaAS AL I A3 PP A T, TR 855 75 i A Rp il — 2B PP A

Table 6. Primary stress evaluation results

® 6. —RNNHEER

P (MPa) Pr+ Py, (MPa) B
NN S (MPa) 1.58 (MPa) A brHE
PathA PathB PathA PathB

Fin-1 275 13.6 106.4 30.2 17.9 159.6 Yes

Fin-2 31.2 22.4 106.4 37.8 26.0 159.6 Yes

Fin-3 293 30.3 106.4 36.9 54.0 159.6 Yes

Fin-4 58.5 26.6 106.4 148.2 84.9 159.6 Yes

Fin-5 26.7 14.8 106.4 31.0 19.9 159.6 Yes
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Table 7. Secondary stress evaluation results

= 7. ZRBITEER

— Pu (MPa) s, PrtPy(MPa) | sg  PutPy+QOp+On(MPa) 5 Hﬁy@ |
PathA  PathB  (MP3)  paha  pahB  (MPD)  papa pathe  (MPa) FF&rifk
Fin-1 272 152 1721 301 182 2582  63.999 77359 5163 Yes
Fin-2 285 236 17201 387 260 2582 11332 130.73 5163  Yes
Fin-3 276 312 1721 409  68.1 2582  86.148 15737 5163 Yes
Fin-4 529 273 17201 1519 949 2582  112.94 10243 5163 Yes
Fin-5 23.6 147 1721 304 184 2582 11078 10336 5163 Yes
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Table 8. Safety factor evaluation results
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Pm+Pb+Qb+Qm(MPa) FS
AR T S (MPa)
PathA PathB PathA PathB
Fin-1 63.999 77.359 172.1 2.7 2.2
Fin-2 113.32 130.73 172.1 1.5 1.3
Fin-3 86.148 157.37 172.1 2.0 1.1
Fin-4 112.94 102.43 172.1 1.5 1.7
Fin-5 110.78 103.36 172.1 1.6 1.7
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e

2) TEAUHBRL THLT, AR 7S 5 N7 1) = B o 38R T T AR S i AR 2 (AR b 5
ISR g 2 25 ARG, TR LGB R IR fin-1 AU Ty BfK o N J1 /K- 5 R 4 FA i 5
FHOG, BBk U RS Fy s BB J LATARFAE (A fin-3 Y IUTIRISRAH B 20) 2 il I 1

3) B 353 2 ASME FRYU it itk B PP AS 2R, (B2 AR REZE 5 35 . Fin-1 R S KT EL
IRTF 5 LA R E(2.2~2.7), A5 ] S B AR 5 T B SRA IR BH B AL AL F4TH) fin-2 A fin-3 224 REL(1.1~1.5)
Poik TAE NI, KHEARBAZAE A .

TSR A LA RIS ASH R (0  Hr it b, fin-1 SERESL B B 3 IAEE 1T DA R SR e Ak RE, AT
HATUMEN R Z 1800 T B2 PCHE #1288, Foil v n SR FH 75 003 J i AT A4 M ) A4k
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