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Influence of the pitch-to-diameter ratio on the circumferential non-uniformity

of annular fuel outer temperature distribution

ZENG Fulin TANG Mao ZHAO Pengcheng XIANG Zhaocai

(School of Nuclear Science and Technology, University of South China, Hengyang 421001, China)

Abstract  [Background] The annular fuel has a closely arranged structure, and the coolant flow at both the gap
between the stringers and the near wall surface is small, which is unfavorable to the coolant mixing between the
subchannels and the uniform circumferential temperature distribution. [Purpose] This study aims to explore the
effect of the ratio of gate spacing to gate diameter on the distribution of temperature along the circumference
direction. [Methods] Based on the software code ANSYS FLUENT, a computational fluid dynamics (CFD) analysis
model for annular fuel assemblies was established. Then, the calculations in hydromechanics and the numerical
simulation using operating parameters of typical pressurized water reactor (PWR) were performed to analyze the
coolant flow and heat transfer characteristic when the annular fuels in square or hexagonal arrangement under
different grid ratios. The circumferential non-uniformity of annular fuel outer temperature distribution was
investigated under circumstances of various pitch-to-diameter ratio. [Results] Computational results show that an

appropriate increase of grid ratio is beneficial to the uniform circumferential temperature distribution of stringers.
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The appropriate grid ratio of square component is between 1.07 and 1.09, and the non-uniformity of circumferential

temperature distribution of triangle component is slightly lower than that of square component. Therefore, the

appropriate grid ratio is between 1.06 and 1.09. [Conclusions] The temperature distribution at the bar gap is

improved most obviously by increasing the grid ratio and the improvement in the near surface takes the second. The

results of this study provide a reference for the subsequent optimization design of the grid ratio of annular fuel.
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Fig.1 Cross-section of the fuel rod bundle

(a) Square component, (b) Hexagonal component
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Table 1 Ring fuel geometry design parameters

JUAT <) 28 Geometric dimension parameters

#{H Numeric value / mm

WAL5E 42 Inner diameter of the internal cladding
WAL5E 42 Outer diameter of the internal cladding
WRRLESER N 4% Fuel pellet inner diameter
PRELE L AME Fuel pellet outer diameter

HMILFE 1% Inner diameter of the outer cladding
HMULFEHME Outer diameter of the outer cladding
HRUNAKE Effective heating length

8.33
9.48
9.60
13.75
13.88
15.52
1000

Corner Channel

Edge Channel

Center Channel
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Fig.2 Component computing area of fuel assembly (a) Square component, (b) Hexagonal component
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Table 2 Physical properties of the material

[ERE AR (20
Interval Fuel pellet Cladding
#1 ¥} Material T =t Zr-4 54
Helium UO, sintered Zr-4 alloy
uranium dioxide
2% Density / kg'm™  2.54 10 460 6512
TR 0.24 426 16.74
Thermal conductivity
/W+(m-K)"
Bk 5191 307 328
Specific heat capacity
/1 (kg'K)"
ZhJE Viscosity / Pars  3.78x
107

*3 BHERETEH

Table 3 Operating parameters for a single fuel rod model

2 A

Parameter The parameter value
BB T H L Th 3 74.3

Average line power density of fuel rods

/kW-m™

YNEFCY: 567.87

Temperature at the entrance / K
22 It 7 Reference pressure / MPa 15.5
L Total traffic / kg-s™ 0.783 57
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Fig.4 The central channel temperature of a square component distributed along the circumference
(a) 0.25 m from the entrance, (b) 0.50 m from the entrance, (c) 0.75 m from the entrance
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Fig.6 The side channel temperature of a square component distributed along the circumference
(a) 0.25 m from the entrance, (b) 0.50 m from the entrance, (c) 0.75 m from the entrance

I §4.2 FRARTR A D7 545 IR D5 TR A8 TE
A A A e i B 2 AT L 6 s, IR H — A

BA RZ B 7 fs . I8 TE IR EE A ] DA
A BB S I B T ) (X355 A AR e A 1) B A i

090601-5



WA PR MR BT A TEARORE S0 [ i 2 A1 AN Y ST PR )

FE #4375 vy 5 JHL e A U R T Ak L PEE B i) iRt Ak 3L v
AN 3030 A 1R I A3 A AN 2 5 P A R Rl
i L5 BETHI 2R 25 R, TR I ) ) 3 B 0 A IR AN 2 5
PR A OB TE K. JE W R R B, MR LR N
2 A SHL e R D) 0 Ak % 30 e T A 3L P e, AN I I
TE 5 B8 Kb P AT 5 L AT DASEAS WA BN L A
TR A A B Ak v D 70 B 0 T 25 Sk

P 6 1 PAE H, M2 A 1.03 388 22 1.06 B &
) 3 B 43 AT AT A ORI 203 5 H0.25 m. 0.50 m.
0.75 m = BE AR A — AL AN &) R B0 I 0.33 937
F0.25.0.66 & /NE 0.48. 1 Jik /N2 0.61 , 1H PR AL
B EIE N
44 [ERFRAHRBEERERES

W IR T RS B — 4k B R0 R A R s
K8 fTo, IH— A5 KRB R I E 9 Fon . Hff
T JE [0 oA T DUE H S SRR e i U R T Ak
FEE 58 v » FLUR R o AT AN 52 B T I 8 (A s, HL 43 A
P EIE T — LA 0~0.5 L N —5. mE
SHIA H , MIHE EE M 1.03 44 25 1.06 i, J& [ 35 40 A
AN A KR 3%, 3.0.25 m.0.50 m+0.75 m /5 &

15k P/D=103 -
: PID=1.06
« PID=1.09
g 08 P/D=1.12
R
S E ool
S £
- =
=
.é g 04f
57
S
Z 02f
0

0.25 0.50 0.75
Distance From the Entrance / m

7 EJSTRAALEIE R A 5 R
Fig.7 Normalized coefficient of nonuniformity of the side
channel of the square component

Ab U — AN 35 59 22 B4 3 L 0.23 980/ #1] 0.20
0.46 ik /N 21 0.29.0.77 Jk /N £ 0.51, H 2 3 2 B 35 /)
T IR TE ANZE TE , T LA 1.06 3 22 1.09 1,
JA I A3 AT AR 210 T L ANAR , X H 1 IR
KM A2 LE I A 38 KT /b ok PR S R T [R] Y R
2, 5 BT RE T AL R A VR TR R 6 R 1R IR
JE R~ TR, 553003 38 S0, AT 3 i 3 K RE
PH B T o .

2 10K (a) 2 1LoJ(b) 2 1.0} ()

g —— P/D=1.03 E —— P/D=1.03 E —— P/D=1.03

£0.8 —— P/D=1.06 £ o8} —— P/D=1.06 £08 —— P/D=1.06

2 —— P/D=1.09 2 —— P/D=1.09 2 —— P/D=1.09

£06 —— P/D=1.12 £ o6f —— P/D=1.12 £06 ——P/D=1.12

= = =

30.4- §0,4- 30.4-

g 02} g 02f g 02f

b= - P

=] =] =3

2oL ., >~F0F ., o, tree= Zoof X e

0 02 04 06 08 10 0 02 04 06 08 1.0 0 02 04 06 08 10
Normalized Angle Normalized Angle Normalized Angle
E8 IEJ7 A iE A RS 0 A (a) FENTT0.25 m AL, (b) BEATT0.50 m 4L, () #EA T 0.75 m &b

Fig.8 Angular channel temperature of a square component distributed along the circumference
(a) 0.25 m from the entrance, (b) 0.50 m from the entrance, (c) 0.75 m from the entrance
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Fig.11 Side channel temperature of a hexagonal component distributed along the circumference
(a) 0.25 m from the entrance, (b) 0.50 m from the entrance, (c) 0.75 m from the entrance
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(a) 0.25 m from the entrance, (b) 0.50 m from the entrance, (c) 0.75 m from the entrance

~ Lop @ PID=1.03| | _
S PID=1.06 | | S
5 2 03[ PID=1.09 | | 8
=) | <
EE PID=1.12] | &
g E 06t g
O£ )
T S 04} 2
i 3
£7Z 02f =
z 0 r4
025 [ 050 [ 075

Distance From the Entrance / m

1.0p

Nonuniformity
<
=

.

o
o
T

[=1

=
=
T

o
'S
T

(b) PID=103 . 1o} © P/D=1.03
PID=1.06 k= PID=1.06
P/ID=1.09 g - 0.8 PID=1.09
P/D=1.12 2 = P/D=1.12

Z E 06
v = U
S
T E 04f
S
g Z 02}
o
=]
z 0
025 [ 050 [ 075 025 [ 050 [ 075

Distance From the Entrance / m

Distance From the Entrance / m

E13 NURASHRED AL RE (a) HLIEIE, (b) 1LIEIE , (o) fiHIE
Fig.13 Normalized coefficient of nonuniformity of temperature distribution of hexagonal components
(a) Central channel, (b) Side channel, (c) Angular channel

090601-7

B AL AR P A




WA PR MR BT A TEARORE S0 [ i 2 A1 AN Y ST PR )

5 451

A HET ANSYS FLUENT 2 37 30 2 80k 2H A
THRRUR 722 50 BB AL, 23 At AS RIS B R IR D7 7%
57510 T I TR A I Bl 3 AR 1 BT S AL AE N
INTERRARL SN ] 1) i FE 3 AT AN 211, I 4 il 45 H IE
T TG INIATE IR TE AR A 1 B AR LY .
TAE Ih 25 B i R/ o 0 7 8 RNk AT
SR, A SCAEAUA MR LEAS R 2610 R, b R 45 31
AT T min—max H— L AL EE , By A5 o &
YR A AT B, TR AR ST S5 TR 7R AN [R] ) R %5 FE DA
S KB AR RRAT, BB LSBT

D38 M LEA T X BR TSR} o1 JE e i i
AT T, X IE 7 TR 4L A 10 & 5 AR L AE 1.07~1.09 2
(RN AT, TN AT , HANE AR
A AN ¥ 50 M WS AR T 1E 7 T2 AL A, A L Tk B AR
1.06~1.09 2 [a] .

2) 38 MRS LSS SRR A 1) B Ak 3k 5 ) 0 e
BF I, S0 20 B D Akt P ) e R 2, o T 7 T A AT
T WO JETE IR TR A A ] 1) R ) A AR
bU B BRI UG IR TE , B 5 R A B TE 5 X 7N
YA 5 A TE JE ()RR AT IR B A U
e lIE , iy J5 A2 IEIE .
fEEREAE YRR TREXE, pA/EBELK
&5 B 1 5 AT R, R R HE s BB AR £ 5 R
MRGH, A XENAREANZERIFEFE,
B m e A R TR

EEPE

1 Hejzlar P, Kazimi M S. Annular fuel for high-power-

density pressurized water reactors: motivation and
overview[J]. Nuclear Technology, 2007, 160(1): 2—-15.

2 AR, FIREE, TKZIR, 55 R KHEAZ F R I TR
BTt rHATYERE T[], JR T BERL AR, 2012, 46(10):
1232 - 1236.
JI Songtao, HE Xiaojun, ZHANG Aimin, ef a/. Study on
feasibility of annular fuel applied in PWR nuclear power
plant[J]. Atomic Energy Science and Technology, 2012, 46
(10): 1232 - 1236.

3 Kazimir M. High performance fuel design for next
generation PWRs: Final report, MIT-NFC-PR-082[R].
US: Massachusetts Institute of Technology, 2006.

4 Shin C H, Chun T H, Oh D S, et al. Thermal hydraulic
performance assessment of dual-cooled annular nuclear
fuel for OPR-1000[J]. Nuclear Engineering and Design,

2012, 243: 291 - 300. DOI: 10.1016/j. nucengdes. 2011.

10

11

12

13

090601-8

12.010.

Zaidabadi M, Ansarifar G R, Esteki M H. Thermal
hydraulic analysis of VVER-1000 nuclear reactor with
dual-cooled annular fuel using k- SST turbulence model
[J]. Annals of Nuclear Energy, 2017, 101: 118 - 127.
DOI: 10.1016/j.anucene.2016.09.027.

Zhao J Y, No H C, Kazimi M S. Mechanical analysis of
high power internally cooled annular fuel[J]. Nuclear
Technology, 2004, 146(2): 164 - 180. DOI: 10.13182/
NTO04-A3496.

Gu H Y, Cheng X, Yang Y H. CFD analysis of thermal-
hydraulic behavior in SCWR typical flow channels[J].
Nuclear Engineering and Design, 2008, 238(12): 3348 -
3359. DOI: 10.1016/j.nucengdes.2008.06.010.

Cheng X, Tak Ni. CFD analysis of thermal-hydraulic
behavior of heavy liquid metals in sub-channels[J].
Nuclear Engineering and Design, 2006, 236(18): 1874 -
1885. DOI: 10.1016/j.nucengdes.2006.02.001.

Subbotin V I, Ushakov P A, Gabrianovich B N, et al. Heat
exchange during the flow of mercury and water in a
tightly packed rod pile[J]. The Soviet Journal of Atomic
Energy, 1961, 9(6): 1001 - 1009. DOI: 10.1007/
BF01487460.

Krauss T, Meyer L. Characteristics of turbulent velocity
and temperature in a wall channel of a heated rod bundle
[J]. Experimental Thermal and Fluid Science, 1996, 12
(1): 75 - 86. DOI: 10.1016/0894-1777(95)00076-3.
Krauss T, Meyer L. Experimental investigation of
turbulent transport of momentum and energy in a heated
rod bundle[J]. Nuclear Engineering and Design, 1998, 180
(3): 185 - 206. DOI: 10.1016/S0029-5493(98)00158-7.
Wt M ORI ) A% AN 2 ST FT[D). 1
g BIRAGE R, 2015.

YANG Ting. Study on circumferential non-uniformity of
heat transfer in tight lattice[D]. Shanghai: Shanghai Jiao
Tong University, 2015.

BE W, R RE . RO A J R B ) H B A A
WEFE[CY/ 7N Jrmi 4 [ S L HE B AR e R e i B v
A% S B HEFA T K BOR T R SR 25 2019 AR R A £
W4 2019: 11. DOI: 10.26914/c.cnkihy.2019.047877.
WEI Junhan, ZHAO Minfu. Numerical simulation of
coolant flow in annular fuel rod bundles[C]//Proceedings
of the 16th National Reactor Thermal Fluid Academic
Conference and the 2019 Academic Annual Conference of
the China Nuclear Reactor Thermo-Hydraulic Technology
Key Laboratory. 2019: 11. DOI: 10.26914/c.cnkihy.2019.


http://dx.doi.org/10.1016/j.nucengdes.2011.12.010
http://dx.doi.org/10.1016/j.nucengdes.2011.12.010
http://dx.doi.org/10.1016/j.anucene.2016.09.027
http://dx.doi.org/10.13182/NT04-A3496
http://dx.doi.org/10.13182/NT04-A3496
http://dx.doi.org/10.1016/j.nucengdes.2008.06.010
http://dx.doi.org/10.1016/j.nucengdes.2006.02.001
http://dx.doi.org/10.1007/BF01487460
http://dx.doi.org/10.1007/BF01487460
http://dx.doi.org/10.1016/0894-1777(95)00076-3
http://dx.doi.org/10.1016/S0029-5493(98)00158-7
http://dx.doi.org/10.26914/c.cnkihy.2019.047877
http://dx.doi.org/10.26914/c.cnkihy.2019.047877

% AR

2023, 46: 090601

14

15

16

17

047877.

IR, BIRZR, AR PAE . 117 T LA MOX AR HE
GBF[T]. T RERFAEOR, 2015, 49(12): 2205 - 2211.
DOI: 10.7538/yzk.2015.49.12.2205.

DAI Qidong, XIA Zhaodong, ZHU Qingfu. Core design
for 1 000 MWt annular MOX fuel[J]. Atomic Energy
Science and Technology, 2015, 49(12): 2205 - 2211.
DOI: 10.7538/yzk.2015.49.12.2205.

WISL 5%, ZERa T, MO0, 55 . SR 0 BC B PR REE
Bl B Ak 52 i BB LI WT TE (D). SR T RERE S HOR,
2021, 55(4): 647 - 653. DOI: 10.7538/yzk.2020.youxian.
0757.

HU Liqgiang, JI Songtao, YANG Lixin, et al. CFD
evaluation of heat transfer characteristic with change of
flow distribution ratio for annular fuel pellet[J]. Atomic
Energy Science and Technology, 2021, 55(4): 647 - 653.
DOI: 10.7538/yzk.2020.youxian.0757.

Hamman K D, Berry R A. A CFD simulation process for
fast reactor fuel assemblies[J]. Nuclear Engineering and
Design, 2010, 240(9): 2304 - 2312. DOI: 10.1016/).
nucengdes.2009.11.007.

Merzari E, Fischer P, Yuan H, et al. Benchmark exercise
for fluid flow simulations in a liquid metal fast reactor

fuel assembly[J]. Nuclear Engineering and Design, 2016,

18

19

20

21

090601-9

298: 218 - 228. DOI: 10.1016/j.nucengdes.2015.11.002.
Roelofs F, Gopala V R, Jayaraju S, et al. Review of fuel
assembly and pool thermal hydraulics for fast reactors[J].
Nuclear Engineering and Design, 2013, 265: 1205 - 1222.
DOI: 10.1016/j.nucengdes.2013.07.018.

ST, AT, AR L YDV (R A RLAT SRR
AR I LR SR IR (0], e VB 9T, 2002(1): 60 - 65. DOI:
10.16239/j.cnki.0468-155x.2002.01.009.

WU Shiliang, NI Jinren, LI Zhenshan. Comparison of
desert sand particle sizes obtained from sieving and
settling approaches[J]. Journal of Sediment Research,
2002(1): 60 - 65. DOI: 10.16239/j.cnki.0468-155x.2002.
01.009.

Chen J Y, Gu H Y, Xiong Z Q, et al. Experimental
investigation on heat transfer behavior in a tight 19 rod
bundle cooled with supercritical R134a[J]. Annals of
Nuclear Energy, 2018, 115: 393 - 402. DOI: 10.1016/j.
anucene.2018.02.010.

Gou J L, Ishiwarari Y, Oka Y, et al. CFD analyses in tight-
lattice subchannels and seven-rod bundle geometries of a
Super Fast Reactor[J]. Nuclear Engineering and Design,
2011, 241(5): 1656 - 1666. DOI: 10.1016/j. nucengdes.
2011.02.013.


http://dx.doi.org/10.26914/c.cnkihy.2019.047877
http://dx.doi.org/10.7538/yzk.2015.49.12.2205
http://dx.doi.org/10.7538/yzk.2015.49.12.2205
http://dx.doi.org/10.7538/yzk.2020.youxian.0757
http://dx.doi.org/10.7538/yzk.2020.youxian.0757
http://dx.doi.org/10.7538/yzk.2020.youxian.0757
http://dx.doi.org/10.1016/j.nucengdes.2009.11.007
http://dx.doi.org/10.1016/j.nucengdes.2009.11.007
http://dx.doi.org/10.1016/j.nucengdes.2015.11.002
http://dx.doi.org/10.1016/j.nucengdes.2013.07.018
http://dx.doi.org/10.16239/j.cnki.0468-155x.2002.01.009
http://dx.doi.org/10.16239/j.cnki.0468-155x.2002.01.009
http://dx.doi.org/10.16239/j.cnki.0468-155x.2002.01.009
http://dx.doi.org/10.16239/j.cnki.0468-155x.2002.01.009
http://dx.doi.org/10.1016/j.anucene.2018.02.010
http://dx.doi.org/10.1016/j.anucene.2018.02.010
http://dx.doi.org/10.1016/j.nucengdes.2011.02.013
http://dx.doi.org/10.1016/j.nucengdes.2011.02.013

	4.1　 温度、角度及不均匀系数的归一化
	4.2　 正方形组件中心通道周向温度分布
	4.3　 正方形组件边通道周向温度分布
	4.4　 正方形组件角通道周向温度分布
	4.5　 六边形组件各子通道周向温度分布

