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Thermal-mechanical characteristics of helical cruciform fuel bundle
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Abstract  [Background] As an innovative nuclear fuel assembly, the helical cruciform fuel (HCF) assembly has
the characteristics of large specific heat transfer area, short heat conduction path, strong inter-channel mixing and free
from the grid spacers. Compared with the traditional cylindrical fuel assembly, the HCF assembly can raise the core
power density with compromise on the safety margin. However, the concentrated stress might take place at the
location of self-support points, resulting in the plastic deformation and even rupture. [Purpose] This study aims to
analyze the thermal-mechanical behaviors of HCF bundle under steady conditions and accident transitions, so as to
obtain the stress and strain of HCF rods, based on which, the integrity of fuel cladding was assessed. [Methods]
Firstly, a 3x3 typical HCF geometrical assembly model without four rods in corners was constructed and discretized
by hexahedral mesh. Then, the steady and transient convective conditions were applied to the outer surfaces of rods
to simulate the various working conditions, including single phase, boiling, reactivity insertion accident and loss of

coolant accident. Finally, the governing equations for mechanics and heat transfer were established and solved in
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ANSYS using the thermal and mechanical modules. [Results] The results show that, the maximum von Mises stress

and plastic deformation take place at the location where adjacent rods contact, where the stress and strain are

determined by both the contact constrain condition and the temperature difference between cladding inner and outer

surfaces. However, at the elbow of the blades, the stress and strain are mainly affected by the radial temperature

gradient in the cladding material. For the cladding, the plastic deformation is larger while the von Mises stress is

smaller under the flow boiling condition compared with these under the single-phase cooling condition. Furthermore,

the integrity of fuel cladding can be maintained under the conditions of reactivity insertion and loss of coolant

accidents, where the stress and the temperature are lower than the break limit and the zirconium-water reaction

temperature, respectively. [Conclusions] From the thermal-mechanical analysis on the HCF assembly, this kind of

innovative fuel assembly shows good mechanical performance under normal and accidental conditions.
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Table 1 Heat transfer boundary under steady conditions

T A TN R AN I FARIREMA TR

Conditions Coolant temperature at the inlet Coolant velocity at the inlet Volume heat rate of a single rod
/K /m-s™ /MW -m™

BAAH T Single-phase condition  553.85 1 740

Wi #H L% Two-phase condition 617.9

#2 BISEMIANERFY

Table 2 Time sequence of the events for transient accidents

FgRM ingl FifE

The type of accidents Time /s Events

S NAE 5] NI Reactivity initiated accident 1

MR A Accident happens

L1 2 1 58 A L HE I A R A HEAR S

Control rod is completely ejected out of the core and trip signal is sent

2 W ISCHEFF 4 V& Absorber rod begins dropping
5 W ACHE 5E 4= 4 A HE RS Absorber rod is fully inserted into the core

— [al % & 730 ik 10 2k 7K ZE i Loss of coolant 1

accidents at primary circuit pressure boundary 1.6

MR A Accident happens
firh A% K A5 HE(5 5 Trip signal is sent because of low pressure

1.3.3 G2

X} HCF 2H 4 347 77 2= W40 40 38 29 3R 4% 14
R

DRRRHZEAF ) DU J % B — AN T6 L3R B W b 52
(E 36 4b), A2 i N BEA S 51k ke kA iz
ik, 7E B2 fl T VA A G AL R S5 T35, I Gk 5
ANFERT R o 2 (RIS AFAE R, BE PR R0 0.1

20 K PR JEC 3 110 1] e B A I T o 1T (] 3 1 5
A0 ) Tt A T ) ) 0 A e R [ 0 20 B, 8 1 ] e B
IRLFE N Z, AU A5 R 1R S A T 5 A

30 %o BRI 0 1) [ B (€] 3 o 1 A e n A 1)
J] 1) P[] 5 29 0, 7 B3] S i T A% 5 2 1) ) RS 40 R
SRR kN 1.45%10"° N-m™, 1% [# & BLAE AR )
A [ AL R S5 T2, Bl i A A x 32 B3R I ) FIR
il , AR T FENF + ke = O, B4 A 1) 58 15 A
S1EH.
1.4 BERBEXRBELE

A% 3 A# Fl ANSYS Workbench 4T #4  # & 4>
M1, BT BRRE AR T MR BE /S , A5 FE IR R AR T 5%
HNE A FE . 58l i #4 BT steady-state
thermal (transient thermal) >R fi# R} FI AR ZS (BRSO IR
F£37 , - 508 B0 1) 4% 3 22 25 R PR C stattic structural
HATRES (BEES) J15% 7M1 2K H Newton-Raphson
IEARIE SR AR 422 Ay X 3l AT 3 N 28 1 o B s I
LT RE NI Z R T8 0.5%.

2 SRS
AR 3 AT T E SO R BB A FU R AT,

SRATF Fp O R ] B DU AR AR 0 4 77 i 7, - 2 s X
ORI IAT I RETT 04T o MRt BB ZE A Vs
2R AR A HLEE IR AR S T ) R R B, SR B
RRLZELA: (1) 7 547 DN 0 il 170 1 ) 3 2 A AR e 5o
B v P AT R AL, W] E SCHLER A 0 (rad) IV
B 174 750 B 2(0<2<0.6 m) F 7 BB B 1) 137 B, 0 )
FIER R

z
5—ﬁ><2ﬂ: (16)

FHARBRRLLE HL 5 £ 24 0°.90°. 180°.270° 1 360°
B R AR
2.1 BHE&RETRERIR

SN HE IR IS AT I, 28 K3 20 4 H 57 Ak T A
WA IR AR ST ST R SRR VAR 6 i 10 26 1 R
(1) 88+ R AE I IAT NI FC, B N i
M 553.85 Ko NEHEE A 1 mes™, BB AR BURE
RN 740 MW -m™, 764 EN RN R B T P A
D&l b @ i P A 54 205FR . RIA
Dittus-Bolter A 33 Tl 18 P TS HHHEE =
T FA A T T B T B R R B e I R B
W) R 5o dE s T 53R A5 HR 0 B 1 von Mises M. /7
AT AN S Frow , AT DUE B AR A IARE R AR B Ak ¥ B
SCHEEP T B ) R TV X 35 von Mises 3 788 s 5 A
o FoAth X 45 5 T RE R AR S A T L R R, R AR
S 5 B Al S T B RRH 52 3 RIS T AT A T
HrbHIH /f 180°FTi _E A A Lo I von Mises W/
DRI 87 AR 43 A CTR) v P A8 T ¥4 205507 350 B Ry
559.4 KO W 6 Frow o BERHE FE i KAE 677 K &b T

050605-5



% AR

2023, 46: 050605

Von Mises Stress
Contour 1

Twist Angel of 90°
Twist Angel of 180°

Twist Angel of 270°

5 HrakE von Mises b 1173 A =
Fig.5 Distribution of von Mises stress on the center rod
g Ab, A BEIRAR IR L TAR VR TE . T EE 1T 60
72 HTRORHIREE i T 328 A IR AL i 5K, 46
REICIR SR+ IR R EEAR L. SRR EI IR
ARACAAT IR A BT A 0 PR FEE B PR 0 JA 1 E B K
72 5 5 DRI B2 AP B2 7 £ R R N 1 7 ] 1) bt B AN
B o3 A (T 6 (b FTzR D o H Lo 5 30 25 12 fi
F DX Il A FEE /N o AELER T3 A 20 R AR A, R
JIBEHAER S Z Ak von Mises W 77 H R KAR , ik
T AR PR S AR B AR TR (6 (e)) e ]
6 ()T LA H , SRRHE B A 5 Hh 58 1 52 AR A

uivalent Strain Elastic Equivalent Strain
Contour 1
4.074210 %
3.733%10 3
3.393%10 7
3.053%10 %
2712%10°% 4
| 2.372<10° %
20320103
H 1.691=10 3

3.960=107"
3394102

5.657x10°°
0 1.351<10%
101110

6.706x107

O]

FRI K N AR P B KARLAN A B N AR B KA I+ 2
— BRI A ST A K S N AR AT 43T

Rt 5 B A AR AT R 2 SRR F RN P SRR R
Tofs FEE 5K T Lo N S A BRI RS, 7 2 T R
HLFE 1800~V T L 52 403 T Ak = AN B 43 8 1 43 A il
2R CPTH AN 0oz B WL IE 3(b)) . FEH 0°.90°. 180°F!
270° A7 B X 3 (DA N R B R Ak ) 52 42 fh £ 3R 52 e B
K, T Ee A2 o 32 PR SRR A2 17 A K, X6
T AR 1) PR A 2 B 2 M 8 /0 5 TR b 3 20 Ak 1 4% 1) 97
J1H-700 MPa 7245 ¥ = 82 77 5 JE [) J82 3 A g 1] B 7
A3 5 A% 18] N 7B 55% A1 70%. 17 45° 4 135° .
225°F1 315° A B X 35k (L I AR EAR L) B2 WAL B
BT , AR L SR BN, W 6 (O T LA H, 3
AR A () 3 P Ao K 5 U B A2 A () AL ) 55 R B
ARG, 5 P PS5 A 4560 52 AMI P IR B LA, AR A
PN, BRI T P9 SRR, 5 2R S AR
J 1) R0 B 1) 52 21 R AE A B2 82 77 B8 2 ) mT LAk
F] 250 MPa A1 130 MPa, B T 3 & Hp 208 T ik X
358, AN FE AR R 30 BRI 2 RIS I, 458 1) . ) %
nTE.

212 ..,34)3 \&b»

1944 — | m—
1476 :" L] f L <
1408 \ ¢
Tao  — | om—
¥7.30 N f’

60.53

Normal Thermal Strain
Contour 1
4.788x107

4458107
4.128x10 2
3798107
3468107
3.137x10°
| 250710
2477x10°
2147x107

1R17=107
1.487x10°

(e)

6 180°°F[H 1L 1IELJE « von Mises 82 /7 A1 R A 43 A7
(a) i FZ 7341 » (b) von Mises ¥ /3 734 » () ZEVERAE T3 A1i 5 (d) FAERIAE 73 A1 » () FABZAK BLAZ 73 A7
Fig.6 Temperature, von Misesstress and strain at the 180° plane (a) Temperature distribution, (b) von Mises stress distribution,
(c) Plastic strain distribution, (d) Elastic strain distribution, (¢) Thermal strain distribution

WEE T BRI FE H1L 2 #1179 90°, 180°F1 270°-F
THI R A2 29 SR A 5 AN [R] 4L 3% A7~ T VA 20750 1 1 25 i
FEATE], ] 8 FE R T A [E) $H %% £~ THI B 7 40 3R 1 Ak
von Mises M. /7 F1 B R AR F1 0 A i L. AT LA HY
AN A T TR 52 AR SR THT AR ) von Mises B /] il
SB[ AR il 25 32) BL 90° S JE 3 AR 4k, , von Mises B /)
78 3R M AR ALK, 43 7] 79 300 MPa #1216 MPa
FoAq B N AR AR B A0 IA B B K AE 0.04, Ui B R AE

2 B0 AV 1~ T B 52 40 3R THTAG 1) von Mises B /) Al
S AR 1) AR AN R A LA ] o AEL AR 308 TSR T R
A LAE HY, AEFLE £ O 90° K1 27001 _E , von Mises
N 73 IR A AR it 2843 7] 1) T B 7 e RRIGUR
T i A, 3% 2 IRk 1) s B e 2% 17 7P A [ 2 S 2 i
(&8 IR o ER T MR U0 ] 7 i 110) 580 38 D91 32 K, 9%
BL BT 52 20 HAE Bl n) J LT 20 T 5% £ 24 180°F [T %f
FR, BRI — P 1H w2 ORI . A X 5T

050605-6



B IESE : IR WR R AU TR S R T

—— Radial stress
90° ----Hoop stress
Axial stress

Stress / MPa

B7  180°- I BL5E AN R AL I N F) 73 & 3 AT
IR 2 B 2 % 26D

Fig.7 Distributions of stress components on the outer surface
of cladding at the 180° plane
(the bold scale line represents the zero stress scale)

R AT R R ) AR UG, BLAH TR AL R
T — BB 2y 20, I&{H 4 300 MPa ff] von Mises V. /)
& FIEUE N 0.02~0.04 [R¥E 1 N AR &, Tl B 32

Kb CL2 IV A I 1) s B e A2 D T 5 ik

22 GHEBERIR

G St M SO R HAGE T FR YA E15F AT RE B R B
J¥ , A SCHE A T A EIFRIAL T 15.5 MPa R )8 AR
617.9 K IR FR R $GR Sy 740 MW-m™ (R #E R R 44 1)

M 7 (1 T S DX P B U, A% R D O
FLARSCHE i QYA v [ 322 120 7Y S 2 0 £ 7 B2 5 RV

9] 90 89
3607 g4 92 88 o5

----- Twist Angle of 90°

£3507 240 i
=300 0 5 = Twist Angle of 180
;g(sjg 13 — = Twist Angle of 270°
$150
177 5100 3
50,
178 VA2
179 T /1 1
180 [ 1?“ i e
|
181 > Q0 =
182 5
183 4
2
N i g 315

267~ ~La73
268269 775 271272

BN 180° AL B, PR A v v 050 1) o i R
PREEAZE, 0.1 B 9%t T AL 78 N AR TH RS
G317, AT LA H T AR 000 A A AR R B
B4 R B Ak R BE 5 ) B A T R 54 K
7FIJ 38 Ko (HFEW ML D 3% B AR FFANAE , BLAH A PR
*EI/EEP%"‘&ﬂ]%*&l@mﬂ\]ﬁl‘%ﬁﬁ’w 7=
4315 KA20 K /247
B FUR B ) 22 e AL 5T 1 AT N R R 4]
10 bR 7 SR AN AH T 0 4 5 180° - [ A 7 Ah 3R
[H] 40 1] von Mises N ) Fl¥E 4 B A5 43 A o FH T B4R
Ak B HRE 5 AL 5 Y A SR TH IR ZE AT 0%, T P R T
10 iR 75 B AR AR R] , FAR AL 1Y) von Mises B /7 76 73 Fif
THHFE N 215 MPa. A 10(b) AT LA H 5 AR T
190 B A AT SB P R AR A5 A 50 A K 15%~25% » T
A 3 2 Ak R A 7= A= 1) B 4 )87 A% o 0, 5 i B 7 b
T 3G 0. AH 10 Cad H P AH 35 3 92 AL 1 von
Mises M g K EAH T8 AR 6%~10% , 1% 2 H1 1
FESZm AL SR JusetERe . B 1 AR T AN R B
LSRR R PERY B N s Ak i 28, AT DUE R
B =y, 6 5 1 IR R AR, 3 B AR T A T
PR AE 5 E SR R 77K 1E N BB B B, 9
B B IS 7 i A% PR 4 Tl P B s v o BT % 5 B 11
Hh 28 0 AR e 0 i A IR ) T ) S B R Ak T
SE 1 B BN R A 000 R 5 PR . 7 il 8 A Y 1
TR B b B AR T A . X R R 3 ] S 3P A
T s B934 von Mises W EG B AR T /N .

() 4991908 87 - Twist Angle of 90°
Egﬂ AN 7 = Twist Angle of 180°
50057 8] ) .
2004 — 190 e Twist Angle of 270
003435 Y} -
200 =
=0.01 3
1775 /o )
178 [/ \ \ 4y
179 ROV \
180 :?_.. : -}-& 0
JEJLS G| MER | & >
182 -

183

23 -

| K] 315
20—}

o6 073
168555370 771272

B8  AFEHHEL ff1-F B 52 AR T AR Y von Mises N g AT W A8 73 Afi
(a) von Mises B 7] CIIFHZ B 26 A BN /1480 5 (b) FPE R A
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Fig.15 Stress at the cladding inner and outer surfaces of blade elbow under reactivity insertion accident
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Fig.18 Stress at the cladding inner and outer surfaces of blade tip under the LOCA condition
(a) Cladding inner surface, (b) Cladding outer surface
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Fig.19 Plastic strain at the cladding inner and outer surfaces of blade tip under the LOCA condition
(a) Cladding inner surface, (b) Cladding outer surface
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Fig.20 Stress at the cladding inner and outer surfaces of blade elbow under the LOCA condition
(a) Cladding inner surface, (b) Cladding outer surface
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Fig.21 Plastic strain at the cladding inner and outer surfaces of blade elbow under the LOCA condition
(a) Cladding inner surface, (b) Cladding outer surface
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