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ABSTRACT

Fuel assembly is one of the most important components of nuclear reactor. The
development of high-performance fuel assembly to improve the power density, safety
margin and economy of the reactor core is an important direction of nuclear energy de-
velopment. Now cylindrical rod fuel is widely used in nuclear power plants because of
its simple structure and convenient processing, but its performance is general. Although
special-shaped geometry has better thermal-hydraulic performance, the reason why it is
difficult to popularize is its processing and manufacture. However, the development of
additive manufacturing technology has developed the design and manufacturing potential
of special-shaped geometry fuel elements, and the research on special-shaped geome-
try is increasingly important. At present, there are few neutron physics calculations in
special-shaped geometry and the neutronic-thermal coupling coupling is basically blank.
Therefore, this paper takes the helical cruciform fuel(HCF) rod as the research object,
explores its strengthening heat transfer mechanism, analyzes the characteristics of nu-
clear heat coupling, and establishes a neutronic-/thermal coupling framework based on
special-shaped geometry.

Firstly, the neutronic and thermal-hydraulic performance of HCF rods are numeri-
cally simulated by using the CAD-based Reactor Monte Carlo code RMC and the com-
mercial computational fluid mechanics software Fluent respectively, and compare it with
the traditional cylindrical and non-twist cruciform fuel rods. The results show that the
helical cruciform structure slightly reduces the reactivity and increases the radial power
peaking factor. Compared with cylindrical fuel rods, the HCF rods can enhance coolant
mixing and heat transfer due to their transverse flow characteristics. In the 7-rods assem-
bly calculation, the mean and peak temperature of HCF rods are reduced by 4 K.

Second, because of the neutron physics and the thermal-hydraulic in reactor are
tightly coupled, in order to further close to the real physical process, a coupling program
is developed to realize the data interaction between RMC and Fluent, and a neutronic-
thermal coupling framework suitable for special-shaped geometry is established and ap-
plied it to the calculation of 7-rods assembly calculation. The results show that the

neutronic-thermal coupling coupling can reflect the negative feedback effect of the re-
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actor, and k¢ decreases after the coupling calculation. Meanwhile, The axial power peak
factor and uneven temperature distribution increased, and the peak fuel temperature in-
creased by about 40 K, only when the neutronic-thermal coupling is considered can the
reactor design be conservative.

Finally, in view of the geometric design freedom provided by additive manufacturing
and and combined with the design idea of HCF, this paper proposes a integrated rector core
structure with helical cruciform coolant channels. The analysis results of neutron physics
and thermal-hydraulic show that the power distribution is flat and the power peak factor
is small. Although the helical cruciform coolant channels increases the pressure drop and
decreases the flow characteristics, its heat transfer area increases by 30%, it decreases by

14 K relative to the circular inner passage when the total heat release of the core is equal.

Keywords: Special-shaped geometric core; Helical cruciform fuel rods; Neutronic-

thermal coupling; Helical cruciform coolant channels
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A iR, SRABEA T B A THE M R B R, R S5 R
FER AT 42 1E . SIMPLEC W2 siei A2 1E 77 A8 Honig i 8%, PISO MIFE & Ii%
AOEFE A BE I T A AAS E M BB IELRE . 3T =R A0 SR, &
SREA VIR AR FE PR, X — S ] B ] USSR AR, (RN T80 52 2% ) RS St A o
S AR AR AN QO R I SR ARESPE T R ShE T FE AL & 7 FEH Coupled 5ik. A&
WFFRERE T Coupled 5%, BIRFRUGEARS 0] L4 B R AR 757, BRI
SRS V) RSL SR P 0 EL 2 B SR A 5 0 AR A OIS I N B BRI 125 2 Sl
SIMPLEC 1H5 KM 50 ANi%EAE %, 5 Coupled tF & E RS, #AHIE T H
T HREH UDF U s, tHERCR KR TR, B EEAEH Coupled 5%
e S PRk

TR AL, A B BUE AR ), (Direct Numerical Simulation, DNS) HJ /774 H.

S
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Pt H S IR 1) Navier-Stokes /778, tFEEIER A, ZIIETHEN T ARREZ T, —
PR FH 042 75 1T 221 ) Navier-Stokes /772 (RANS), {H I 75 ZER F M A Y K
] RANS 524 . ARFFRERE SST k — o MHFAER, HES T k—e. k—o
BRI, MTED T EIMER k — e #AY, TETRETHALEH k — o B8, BIEH
T IR AN ) AR B IS T, Bl AR I A G i B . K&
ik 120:22-240 4 0K F % A 2 kAT M e - B R R A AR S B B

ANSYS Fluent #& [ Fr_F3ATHI7 FH CFD %k, 7 a] DUKRHE Sz fr ) @, @7
JURTHERY, 58 MR, 155, IEFERMBIIAT IR, &EHEIT A, SR
CFD WA ifE . AW T3 I J 3 Ak i R (A

24 BEFE

5T CAD JUMTHIZAHE S B T 51N Cubit BN T A% $uil & LR HEE
AHEFORIEIL S HDFS SO =2 PR R VL B R4 @ I fitb 26 T CAD JL{T i
ARG, ARG TR WK 2457,

_—,—————

_|
|
|
|
|
|
|

CADFEER

Solidworks¢--1-—

iEVak: PN

____|____.

|
|
' |
' |
[ |
|
| I
|

—_——_———_—— — — —

I

I
S |

I

l | | AL :
dagmc.hsm <—-—-—, | ! ‘,_I____( |
[—— 1~ wikEEe Meshif . EEHES I
| ' ‘4--— [ i Fluent |
I
|
|
|
I

e | I

] F‘I““

A MeshIhZE B
= T

RMC o : | AT Ttk

B l |

MESI'IEE*R‘FI‘E — b |

|

|

&

|
|
|
|
|
|
|
| \ J
| PTEFERER
|

Kl 24 FEJUHEGRER
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H SE1E Solidworks 55 =4EBRCTHIRAFBEAT LA AR, IR SCAES] Cubit, W
A LAFE Cubit FEEARE . SR 5 1E Cubit B NI, R4 MHEE S, S dagme.h5Sm
A E] RMC #HATTHE . RMC TR H R G, @it MeshTally SRS 1 W% A
FIiRRE, AR AN Fluent PIA% ERIZIZEE, F%iH Fluent ) UDF
SO o Fluent 5858 s i H Ok b IR FE AN 2 FEAS B BID0E, # SR P e O
Ja A BGHT N R I MUS dagme.hSm . SR )G B A E RS

241 HDF5 XHH¥E

HH T2 CAD J L) RMC B BE R T #:/E & 7E Cubit 14T volume I LA group
RS, WRAERS G TR R R JGE R [ 2 Cubit # ¥ A2 B HDFS SO Rk 42
TR, BRI IR AL R 24 A T AR & . N DL E#28'S HDFS SO
7 2R 1 02 () S I P A 2 A BRAE B TR

A C
—~ B
= Group f\'
tem K
@ = Dataset \ temp

e

K 2.5 HDFS U472 2 140)

il 2.5 7%, HDFS X472 LA group Fil dataset FSMLL SO S IXFE 1 J2 2 245 4 i
FEHHE I, £ python HI e+ A AH B IR EE AT DASEEGT & B2 . ASHIT 55 8 2 1R
H python [¥] vitables T.H & LART#RAL B AR B 1 B A7 AL &, PR i@ python
) hSpy FEV5 10 B E B AF AL B, HFSEBl TP ENS . XFEERE A HELL st v]
PAGeHF Cubit, J/DFEFIIE RS TIER.

2.4.2 Mg S#EEE

P& UL C S BEAT R A 5 DB, 385 AR UL IE 4 e ST ) BB A S B0 1
552 . ARG DU SR T B I TR AR B — —Xf 2, {HBET CFD
THEL TR ERE A B WA, el T SR X, T 1 2 20 A AN 5 X ARG A (1
W&o 10 3 — A SRR AR T3 30, 22 AN AR R R — A i 52 X
RS o X7 20T — L ] 5 T LART 54 LG 2 3 A AR R et SR B, (N T2
ARG LU IR TE -5 2, XA (R LA X A% 28 ] R DG R AR A5+ R 2%

H AT RMC it 34 X 1) o 73 B s 2 1 7 OB Mo it 28 (CellTally)
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HMIpA%THEEE (MeshTally) P73 MooHiiad )52 — U IX8E, oot 2ds
M ARG THZ X IR N R Z B, i @ E DR, R TH a8 2k
T TE g, Aad JUART X 380 i i Jl 43 R ADL R 1 7 A e 1), SRR T A
FEARAR 2R A% . fEASTFH RMC 1) CAD Zhfeit &, HENEAREIH CellTally 4tit
MWIT (volume) ERIZNZE, Kt R e i A& 228 77 NGt Tha, XA A vl ik
TR — 2R 22 . I WS TH 3 7T DAAS BB I D 2200 A, AT AT BASS H
Fluent TH5& IR, SCHL T o408 238 TR R 05t

1M Fluent T+ 5 5¢ B R5 22 S0t HI4E B BRI TS DA SRR R 35 FE AR B2 . 75
TR i) volume, 4titEES volume FHWIEEE R, MmsEBl# TR

PR B TP B A 2R I

ok
=%

Fluent Mesh Cubit Volume

K26 PIRILE R & K

Bk, W 2.6HTR, T ETE Cubit B ek v HAR R 53 9%/ volume,
A volume #XT N —MAARIFIREE, FH 1452 Fluent FI#4 T % M5t. 7£ RMC 115
I3 3 XA T BB E LA BRI o — AN BN KT R NS SR G it Th 3, 4R
JE I # A 2 7% Y Fluent 115 /) UDF XCf4. 7E Fluent 115 B i@t UDF 381545k
— AN ARG R A% PR A AR I8 AL & T A TH B R — AR RS . AN
T 7 X0 B R D) 26 5 . Fluent 1158045 o 185 UDF i HE It A S8R [ 443801045 2
ER AT e S — A% J& T Cubit B volume 2 N, JE I AR AR IIALH)
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77 AR F volume Fr IR EAM EME S, WX (2.10). 20 (2.10) Fizn. 25 RMC 3%
HUH A9 dagme.hSm Flfg N R IFSATH — PP PR HE. 220, B =2k

SERLT RS ICRRRVECR BT SRS . [ 2.7 R & AR e PR .
Tx 1z — Z(xi,yi,zi)e(x,y,z)(Y}Vi)
~ V

1

(2.10)

Z(xi’YisZi)G(x,y,z) (piVy)
Pxyz = %

1

(x, y, 2) 71 volume [FAABR, 3, | e ) FAK T AE volume(x, y, z) HIAH R 1%
KA.

(2.1D

<+ -dagme.h5m- — < —Fluid_out— —¢
RMC -—Inp-— -~ Couple.py k- —Fuel_out — -0 Fluent

b— — Inp.Tally— > - — couple.c— >

N, y S A h B

K27 MR SRR

2.4.3 WEHIHE
KRG IR I, THEER R, WA R S, TR FE

BB NI, [ 1R 90 s ) AR A S o 1) S T o
\/Z P;ﬁy‘z P;yz
) xyz t
4D = (2.12)
Tt T,
A = Zoxyal yT;‘” ) (2.13)
T — N :
|p;c+ylz pxyzl
AV = Zxyal For (2.14)
p = .

N
Hof i FRIEARHEL N FRGIAH, A Fom 0B W88 I
E%%ﬁ%iﬂ,ﬂ%A?%ﬁﬁcwﬁ$ﬂ%WWMmLﬁ&%ﬁ§%Eﬁ%
KA. TFE04E BB R SOR 2T 0.1%,  [EASRAI AR I B W 801 25 43 5/ T
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0.1%, 0.01%, WA ERSORZ/NT 0.01%.

25 PEBEAFERHESIEMIEIE

N T RAERT CAD JUT P EiH S 45 R AR, 37 RO AR
TR, 43R CSG #i81s CAD #EAUEAT T, X4 BRI — Bk AT 50
Ee XS T EARVCEC A =B AR eSS VESRAE, O 7 9 29T S ) HAN R — ek, R
PS5 8 BB -ObR XCHEAL S RO (1 1A B LA 2B AT e R BRI

251 CSG 5 CAD Ei=FEMISIE

Cubit FHANE 28518, HETSHCRA Conboy Mt 7E AR
wEMEA, WMo N 1.4386 cm, & 100 cm. B EEAHFE 10000, FEiE
AR 500, JEERAC 20000

K28 AR Cubit R = K

TR R 220K, PE RBPEAEZES pem, 7ERVFIRZETCEN, 1IFH
T T CAD JU 1 RMC T 45 R IE#ATE . {2 CAD %mia SR BAR, 15 A
#& CSG 1] 48 {5

Cubit 5 H S 75 E % B faceting tolerance 281, %S FE R HHH L+ CAD
FoRHI M RV RS, — RS S . X T AR, ZSHREN
0.1 K2 P st B M5, WE N 0.01 F10.001 TH545 SN 8] #F A —F,
0.0001 THHE [EPKE KIRIE 0, Wik B 12408 0.001.
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#22 TFAUREME CSG. CAD @By it Hxt L

R K g FrifEZE T E (min)

CSG 1.308667 0.000148 7.4366
CAD 1.308611 0.000144 353.4321

2.5.2 Cubit volume FcXMI&F

Cubit volume {31772 T SKBURG & THR AR L . 3B A5t Rl RIS L
. HIE 21 volume Ki T BUEAL I R 28 EAIL 2 A RLE L, 2 RE 5
I T DR 7 23R B e R ) 235 3

(P AS TVLE AT 425 o M 2R SE AR A T Sl 1] R ) o BEUR MR B TE IR, LR
Y100 em, Al 23 AR 7> 5,10,20 2 HHE S RS 2B T2 ELF—
B e m BT ) 2y 10 EBEAT VRS o AT FURA B RO AL e B R 50 em,
DRI R e AR RR B I R 23 5 )= o SRJR AR AR 1,2,3 JRIEAT S5 R XL

ME 297 LLE Y, BRXISAR RN 1. 20 3 2 ke THE SR 0450,
HAAERERE N B2m 0 3 EHINESE R, HtEE XIS A= 3T
X3, BT U ERNE, REAYE, REaEsiEkls iz,

X AR AR A A ] A DX SRS A O (RO, AT T 42 /)0 6 0 08 = R T T
1M+ BT SR 2O e 1 45° WIETT T, #cthB7r Ban &l 2. 119

1.1670 I - 116654 —a— casel
2| =
——3 11660
1.1660
1.1655
= 11655
&
1.1650
1.1650
1.1645 116451
1.1640 L 116404
11635 r : : : : T 11635 T T T
1 2 3 4 5 6 0 2 4 6
Iter Iter
K29 A2la) oy o IR 2,10 MRS THEER TR ISR IR

2.5.3 W& ITEEs Mg Jo K M IEIE

NI W S, 7 B F RMC A & %038 Meshtally #E4TIh3 )
AiHIgeit, o 5 KRS A XA T s XA G SR EUAS ARG, 3 DL S B R A P
M B AT o U R EAS KRG, ASALERE— MK E S i3 o R i 28
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Ny HXHREBSBOR, WHESARKIES), WA ZEEk. Bl 23 E8—
EIE RIS, AEEBOAE NI S BERARL N I R 2R, RN AR iR 2 B A
BAZVEHE A

HEHL T INE% 2.3 ) =% MeshTally M BEATRE G5, kg RIWCSREE R AN
B 2. 10175 o 45 SR B A% U R A R A IS AR R W SO AN G D e 2% 32k
B BT IR

# 2.3 MeshTally F#%

case x JTIAIMIREEL y TTRIPIRRAL 2 TR MRS PR R ()

1 20 20 90 3.6
2 25 25 100 6.25
3 30 30 125 11.25

K211 sl os S K 2.12  Fluent M~ K
2.5.4 Fluent M#& Jc 5= 456 E

R+ BB LA Rl o3 S — e A 20 22 TR &35 ) IR A0 5 4 194
1o Hoh ZHARAESS M AR R By T EL, (H MRS B2, S b LA o R
Bk th 2 S SRt A 22 . T S AL R ER AR RE A A PR AR RS B, (HRI 7 IR . A
Ft Fluent 715 R FH (1) 4% 28 B4 SR 75 THAAR 25 46 IR A A0 = A A I AG I AH &, o — 4k
WA LT 77 NS B 212 9 8RB A XA K Oy, B B e
RO LE PN ) — A B A2 A 36 e R e o i 4 235 g A DX i A ol 7 T A7 465 7 DX A6
At DX I I I R R A = A T RS T B = AL A% o SR I PR ot B 3 ey s
Lipkg 5y 0.81, [RII I8 REAT R AR A 2. o T AR AE TR & INA%, 75 26 U7 [ ]9 A%
TR BEARGREH, UM AZ S 1% E interface. SST k — o AR 1EEUE Y,

18



JCEET R AL, BEMAL y* ~ 1 e, BRIMEREZ R HRAEXERELRZ, §E
% 151 FE 240.0025 mm.

I AT YRR RS AR, DA n) b A JE 25K 43 LB AN R XA 5 R A
TERMEIGUE . N E IR 2.1 kels, LML 484 T3, i 21307,
B OEZEBT AR E, MOk 484 TR MRS 52
YRREZELA DS FH AL IR 7 20 B A

3900

1 1 1
L |
3850 - \
[ ]

] \

3750 \. -

L% Pa)

3700

T T T T T T T
200 250 300 350 400 450 500 550 600
WS 05)

213 WS TE R IGAIE

2.6 KRB/

RENE T ARG BRI T %, JFT 77 Z A B RE. IEY]
T RMC ] CAD M CSG HJEBITIC RN, [RIN A% i & 75 22 201 =& R 23 5
AT T M TE KA M, 13 T 1 Cubit 19 volume HO AR R Z M1 =2, i)
412, MeshTally H K S 25, 25, 100 # &1+ 5 H B A S IR AT IO S5 8 o 1
Fluent F 55 WK SR 1 S5 M FH ARG R A BRI 26, ANELIAR DG 5 14 36 1E ph 2 HAe 8
Ve RAF HAT SRR T AR 2, BRI i £ 484 i AT1HE

19



$ 3T B tFRERBIEES RS SIE
3.1 AXESIF

B0 2 WAL IS T WA b 0B T SR I AN B AR T SR R A
TR IR+ AR A e R AT R B A, R RO AL 1 ik
AT AL RE T, JEAE Z AR AL AN+ RUPORLEAT XS b . BRAE, &
WIFFC 7 WREROX o M) B A BE B R DL S eSO R - B L 5 17 X BT ik
I RE RIS o

3.2 hFYpIEMtaE
3.21 JUREBSHERH

WE R KA Conboy M OB, 52 M 2.1 R, RS
Gel1 Wi /K HE okl B 1 50 O R RHRTET A o R A5 TR 4R T 0 LA 38t 6 3.1
R TEMRENETAL. (RIS A R, A R TR N T 33.6%. i
HEMIEE — 52, TS a0k AR AR A ) A 2 R

B AE N 32575, FEMREHE R S B AL ], eIl 1.4386 om, i
17 = 4TSI T B A 100 em. BEEREACHD T4 10000, AETHERAR 500, THERAR
2000,

#3.1 WETLTSHH

WA BRI (em?)  BZHEII (cm?)

it 0.716 0.244
+ A 0.716 0.326(+33.6%)

#£32 HEEKME

1R wE o BRI

uo, Jid UN VU A 4 f
EARIE 4.5% 660kg/m> bR E%
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3.22 Z—HEBEMIxPFIIEMREDT

943 AT IR B A0 - A A T b T A B B 25 S R 2 e 45 7 5 BB T e 1 R
W, EFEEA, ARG AR 45° =N HHT Z4ER IR L, )T
Shivan' 7 (R 45 AT IREXT b . T0&] 3.1, = B A B R AR R A 2 2
;s

K31 R R S

THEEE RN 3307, WTE 7 SCERAITH R B RBOGTE R ko LT B
XTI 2 R . RSO T BT R E L R IR T MORHHE 73 58 AA B
B K BRI EEAFAEZ S, T kg AFAERZ, AV — 3. TR
ko AHACT [ R A THT WS T B, TRE FL RS 45° J5 XIS Rt Tt BT RA 4
BRI TS AT WU TR DY PR 2 2ok 2R [ PR A T T e

1 RP TR T e TP RIBIMIRESAS, Prh 7w 5 R, Brbd
€ T8/

2. PRI R £ o AR LS TR R RS DR 3 b0 G = 0 H - IR
43 £ ks BRI P A R R 9a D g 1k R, A4S f IR
& RSN ANH A

3. BALIRSE SR p: R A k>, BAIRES, AR p s (H
[F) I - B A BRAC AR AR PR 7 525 5 R, el D SRR IR, A
3 p MR PR BB ANE E

4. ARERABRTE n: BT RHAFBFEL, BT CLZEE 5 (5200

I A ARy W, pReeb e B PR 0 S B R ) RORONE, T e A
FH S LIRS 2 2 B — A E P . RIS DU B 7~ A 2CFT A, koge
BN, FFETh R4S

A BRI e % 45° ), RS J Bl A8 AL R e AT S iy &), erh 7 EE%
Zy 1Bl BIBRORL X SR AR REAR, H9OK T v PRI R f, T RA kg BRI K

MRETE ] 320 0, - AU PRI B A SN, A E A K.
B RTTAFEAT T, S0 RE T (1) AR T8 i AR W b T i AN 2 B A RE T
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X A 1 B o R R R LRI S R 2 . RIS AT DRI, R e S5 A 5 B0
FTHT e 3 0 RE TS LT 72
K33 kg itEER

i SR it
g kye | dkik kegy dkik
A 13513 - 1.387405£0.000122

+7 M 1.3456 -0.0043  1.384305+0.000123 -0.0022
+p 450 13486 -0.0020  1.385579+0.000119 -0.0013

¢ di/k s HABAT AL T [ BB kg AOARXS IR EE

5 T T
(5] A 284
§ — R
S 47 A 45° i
T
=
>
g 3 I
o
x
=
B 24 L
N
T
£
S
Z 14 R
0

10° 10%® 107 10% 10%° 10% 10%® 102 10%' 10° 10!
Energy (MeV)
K32 geisxt e

323 Z=HBMThFYBEMRED T
3.2.3.1 ABMILERHY

THERTHR SRR T ko WAV, FE=Z4EREE TR —EL W
R3APUR AHE TAE L NUFRM T HASDFFM, Pl ke 225708, 100 cm #25H
R e+ R R AR PRI AL R S Ve Z2AE 8273 peme 55 )87 R R
[, THE SRR S 2 R ke EMS G ETE, (HAET —4ERI45 R,

22



YRS IR GS T HE SR B2, 100 em BREE 5 TG OB R
ZRAN18 pem. TMHZEE Y 50, 100 cm R HEE+ 7 BRI f 97 1 22 AV 2 pem,
UEBIREE T koge HIRZIAIR /N . IX R AE MR T BV SEEN, W DA B+
RUBRRIE B ACHE e T BRI, BEORBE I AE 1 SRR B, HBRRIRIE it &
R, T RAE M AT E LT

®34 ARZHERBIT kg tHESR

B oA K i
(B3] A Y 1.313672+0.000144
+7 1.308667+0.000148
X . EFE50cm  1.308946:+0.000153
LEY i e |

P2PE100cm  1.308981+0.000149

3.23.2 IhEHH

A T AR, - AUFIEREE J9100 om (R E 17 B4 B AR Y (1 Bl 1)
h oA, =R 2, HILPOYRIZ AN

W+ P RS KDY AN, HRL A A 2], LA DR A A
85 EAB 2 A NE I T T 2EL R 4 A S 55018 T e A {66 7 FL A2 1) T 23 A 1) 5 S
FAAERIXE, DRI T 32 BAN ) Al 1] vt € OB T EAT AR (R0 Dh R o AT B VA o B 3.3 9 0)
PO B A DR 0T 25 1B, AT R B A A% ) DA o AT AN B ] B2 G [ A A
Ko MR BEEEAE SR 73X — AN EREE, B 3.5 m] R e+ 2 (142 [ D 4
DR b ) R AR T AR AR e+ 7 A 3R 3545 Y 1 = H I Th R ],
Z 5 EERIE R E, BARR DA g I iR e+ R oK.

R 35 PIRIER T

W R F,

[ A Y 1.50064 1.807
+ 1.49372  2.01
e+ A 1.49362  2.079
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Y (mm)
& o m

6 4 2 0o 2 4 & 2 0 2 2 0
X (mm) X (mm) X (mm)

(a) [ 12 (b) +FH (OF it
B33 e FEAK T Ab A2 1) D 26 40 AT

16 —e— B r I I I I
e PEH 140
144 —— T b
1.35
" - \\/\//
Lt o8 - L1304 —u— [
—e—
06 —a— i+ A
0.4 1.25
0.2
1.20
0.0 1
(IJ 2‘0 4‘0 6‘0 8‘0 1(‘)0 0.0 012 014 OTG OiS 1.0
Z (cm) ZIL (KX B )
Kl 3.4 Hlie ohE oA & Kl 3.5 ANIA] v B AL T A% 1) 1) 2R 0 [
T

3.3 M TKSI4RE
3.3.1 HERAMESEMHE

TR AL -Gl AL ERY, P 22077 . TS0 A 8 78 0 R i A3,
PRI 7% J7710915 MPa R (KK, PPEREIR AL, W03 3. 707 [ AR DX 4R
BHEEM FUNU,SI,AL T E(E, %R 9563 .88kg/m®, #3360 W/(m - K),
LA 871 kg - KPR INER 3.6 HBONARENE, BT
BITh R B L NI00MW/Im? , THEIRAR RIS 55040, B R 5L oA, TR 24 Rtk
IRFIERN 1.6 X 10°%cos(20m) Wim®, ot z ARk Al Aebr, zg JohkHE
LT AR, L OEREHR R . MORHERBE I T2 y* {2000 0.51, 3,2 SST
k—o BRI ELR
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#£3.6 HFEM

TR WHEHE AMEEM

PR, T HXT RS E#
1137.31 kg/(m*-s), 556.3K 0Pa G [T 28 F4

# 3.7 15 MPa K1 BE IR AR 4k £ 13K 1)

Yy P: 15MPa; T: 553.15K~613.15K
p: kg/m? —3694.01215 + 17.54702T — 0.01716T>
C,: Ji(kg-K) —3.57774 x 10° + 18905.84771T — 33.28225T" + 0.01955T"
A: W/(m-K) —1.66482 + 0.00939T — 9.59926 x 107°T?
u: Pa-s 3.30320 x 10™* = 4.22391 x 107'T

3.3.2 REhtEE
Wi o B g R — A BB PR LR S5 A R B HI IR RS, AR I )
WA, & X EENERERE S ¢
P Lk (3.1
V2 + 02 + w?
K wo,w 73 ATAETE x,y,z2 =AT7 RIEHEE

3.625H 1 ¢ IR AR . PTAIAR N DS RBP4, 7R RE B mT A
NOLEHENT 5 RIEM B, ¢ 90.0173.

Kl 3.845 T H DR IEEE A = B, 45638 3.8 A Hh e+~ AL AR
R FE Vi HEEE R BRR— N g, (AU P B A BOR, R R kR
B AL A R b /N o AP 5.7 T EIAE S AR B T Ak (A ] T8 P A DU A A A A7 FE
FEMG/IMEL,  MAR ™ (5] Ak 2] 3k 6 [ Ak Tl P Vs 188 O, (R 2 T PR AR T 1% A T
TEARTEALE /I A8 BE R e, 33X A2 DRI Dy bV [5R r F 4 Sk 1 w3 T 1) ) s 3 30
Hor 00 21 360° X M- B BRORE M e A i 10 I A — . 1] 3105 EDWAREL 1 X
PILAR

W 45 A AN T R S 2y SR IR BRI K, B 3.9 = IR SRV RE A, A A
ML - A ISR A I — 2, BB N D R B LR A Y b
BT 19 Pa, T dER e 7 AL 2 A Y ON T A B TR A 2R 2 A R B 15 0 1 112.6 Pas
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®38 WSISHTLE

¥ BEEA bR Bt

Ve(m/s) 0.00148 0.00151 0.02492
AP(Pa) 97438 993.43 1087.02

0.020
"y 004
I-"././
0.015
002
0.010
~ ~ 0,00
0.005
002
0.000 [ ]
004
OTO 0i2 0i4 016 018 1’.0
AHX EBE (zH) 270
Kl3.6 ¢ iREhmAEAL K37 ¢ AL

(a) A #H 7 (b) +8 (c) MR+
K 3.8 HARREEE =K

1200 1 1 1 1 1
—=— [
—— 1
1000 - e -
—a— iR
800 L
=
&
‘g‘lﬁ 600 -
&
E 400 4 -
200 -
0 -
T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

X (zH )

K 3.9 X R GRIE AR 2 AT
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Velocity (Projection)
. 1.967e+00

1.475e+00

9.836e-01

4.9186-01 N s R NF
I0.000e+00 N
=

[ms?1]

B 3.10 M R D) 2 B R R
3.3.3 HiteE

B 3,127 FhCo R m o g T 5 T A L A 0 1 231, G e 8 A A i 1 B
U oy A B 50 B HT R P e, AR R B TR P 2 S R IR A
A, HAIRMELIN 12K TSR HER A 25 F I EAR 4 P (R BE TR A, PR 3.9 M J L
B T~V 23Ul AR T B AR B A A AR T 292.6 K, R} IX APy T 2 1 1 24 B R e
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20130 1.28x 108W/m3 . 4l & &Mt R 4.1 5R, BAR A SRR ISk
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FERRT A S [ R MR A B O SiC, IR 5201k, RGBT
93 MPa, BB R H, #IEIE R A, SUE0.0234 ke/s, 0 MPa FHX]
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AN SST k- AL, BRIP4 y* {HLN 0.7, W HIFIERES, Yt
R 51w, HAURJLAMEA:
L U BAMAUE, JEHRH AR SRR SIS MO0, $-TT 1 SN HER) %
oyl
2. AR T IR /)N o
3. R MR A, SRR S HEN HAR A E R A SN
4. ARRITSHILR, B RIFHHMEFRED

£s51 ARl

Yy A4i%J): 3MPa
p (kg/m?) 48.14 x Z(1 +0.4446 x #)—1
¢, J(kg-K) 5195

A(Wim-K)) 2.682x1073(1 + 1.123 x 1073 - p) - 70-71(1-2x107p)
u (Pa-s) 3.674x 107" x T’

* p NIEJT, FALA bar, T AMRE, $ALCHK

* 52 SiC #ik

p (kg/m’) ¢, (J/(kg-K) A(W/(m-K))

3070 1300 40

% 5.3 TRISO Fiki &%

AU B (mm) B (gem)) bR

1 0.25 10.192 Uo,
2 0.34 1.1 Porous PyC
3 0.38 1.9 PyC
4 0.415 3.18 SiC
5 0.46 1.9 PyC
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Normalized flux per unit lethargy
N

K 5.8

1 2
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Kl 5.5 IR N RIE S RE S
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0.014 - ./'/ - 0024
0.012 - :
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0.008 o ~
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0.002 o
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0.000 [ ] L
-0.002 T T T T T T 0.03 1
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WER T8 45 A AN P 2 A il SR R PR3 0 o BT Fluent Hhit B BER B OLIRE, #
F #7701 Karman-Nikuradse F&705¢ 230 (5.1) RT3 25 R0 @ AR FR 1 [E & A4 BEL )
2 RABREEEEILNE AP, AR (5.2) TSR, 2R WL 5.507R. e
B RSN T 1400 Pa.

L _08+087In(Re\/7) (5.1)
f
L r””zf
AP = AP = [ L (5™ (5.2)

He L ARIEKE, D AREBER, v NTTHEE,
#£5.5 WhBETEL

f AP(Pa)

PEHENIRIE  0.03461 7079
[ 0.02777 5679

5.4.2 #Htitge
5.1225 N B O AN RoRE X SR oA = B, N D S R o A
R FE e, AR Z R E20K DL o[RBT AN 2 HS 11 A 0 P58 A a2 T
AN, WNBETH GBS 40 A 2o B S 11 AT DLIF ST — o [ 5. 109 w0 85 1 A T i 2
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R A SMNCHEBAET IR S

Review of helical cruciform fuel

A.1 Abstract

In view of the high cost of nuclear power project, the development of high perfor-
mance fuel assembly is an important research direction of reactor thermal hydraulics in or-
der to improve the economy of nuclear power.In this paper, the helical cruciform fuel form
with complex geometry structure is surveyed, which is divided into physical research and
thermal research, and thermal research is divided into experimental and numerical simu-
lation.The results show that there are few physical studies on helical cruciform fuel, and
the experimental studies are mainly carried out by the relevant institutions and scholars
in the United States and Russia.In recent years, computational fluid dynamics has been
used to conduct numerical simulation experiments on thermal engineering.It is verified

that the helical cross fuel has better thermal-hydraulic performance.

A.2 Introduction

Nuclear energy is safe, economical and efficient clean energy, and the development
of nuclear energy is an important strategy to achieve national emission peak and carbon
neutrality. The key to the further development of nuclear energy is to optimize the reactor
design, including improving the power density, safety margin and economy of the reactor
core, and the thermal hydraulic performance of fuel is one of the main factors affecting
the enthusiasm and safety of light water reactors. Therefore, improving the geometry
and space configuration of nuclear fuel and developing high-performance new fuel has
become a major research direction to improve the thermal hydraulic performance of re-
actors. At present, there are wire wound fuel rods, ring fuel rods and helical cruciform
fuel(HCF) rods and other new designs. Compared with standard fuel assemblies, these
new geometry attempt to significantly improve the power density and the safety margin
by increasing the ratio of fuel surface area to volume and increase in turbulence. This

paper mainly introduces helical cruciform fuel. The helical fuel has a petal-like cross sec-
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tion and has four-petaled and three-petaled. In previous studies, four-petaled proved to be
superior. It first emerged in the Russian Navy and was used in various Russian research
reactors. Helical fuel rods for light water reactors have also been studied to some ex-
tent, but have never been employed commercially. The helical cruciform fuel has several
advantages listed as followed!!:

1. Increases the relative surface area and improves the heat transfer performance.A
larger surface area means a lower average heat flux at a given power rating.

2. Enhanced the mixture of coolant and flattens the temperature distribution. The cru-
ciform shape feature allow lateral flow of coolant which enhances heat transfer and
reduces the occurrence of local hot spots

3. Self-supporting structure.The helical cruciform fuel element is supported and fixed
by adjacent fuel rods at the contact point of each quarter pitch, which enhances the
stability of the structure and avoids the failure caused by the vibration of the lattice.

To sum up, the helical cruciform fuel rod can improve the power density and safety
margin of the reactor core. The research shows that it can improve the power of boiling
water reactor by 24% and pressurized water reactor by 47%!!1, which has broad applica-

tion prospects.

A.3 Physical research

Diakov[?!analyzed the possibility of helical cruciform fuelelement using low en-
riched uranium,he concluded that low concentration of uranium could be used without
reducing the life of the core.

Koroush Shivan and Mujids. Kazimil®! use SERPENT to compare the two-
dimensional and three-dimensional neutron properties of GE11 cylindrical BWR fuel and
its equivalent helical cruciform fuel rod, and he used Conboy’s SP2 design. In the two-
dimensional analysis, the helical cross fuel is 0.4% less reactivity than the cylindrical fuel
with the same fuel cross section due to the increased absorption in the cladding. Due to the
helical cross geometry, its self-shielding characteristics are lower than that of the cylinder,
so it has lower self-absorption of 23U, thus the number of fast group fission is reduced,
and the thermal neutron density is higher. However, the self-rotating characteristic of

helical structure leads to the increase of thermal neutron utilization coefficient, and the
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number of thermal neutrons absorbed increases due to the increase of the circumference
of the rod facing the moderator. Compared with the equivalent cylindrical geometry, the
reactivity of HCF geometry changes more when 2*°U and Gd are enriched, up to 6%.
When taking into account the three dimensional case, the helical cruciform structure is

further reactive.

A.4 Thermal research
A.4.1 Experimental research

Helical fuel structures have been proposed in the Former Soviet Union, it had been
successfully fabricated and used in reactors, but experimental data can obtain because
of secrecy.After the collapse of the Soviet Union, the institute of Nuclear Physics in St.
Petersburg* continued to carry out research in this field, and successively built SM and
PIK nuclear reaction test reactors, and obtained a series of experimental research data.

Bol *Shakov! carry out experiment to study pressure drop and critical heat flux of
VVER-T fuel assembly.The results show that the total pressure drop measured by cylinder
and helical fuel is almost the same.The calculated results of critical heat flow show that
the experimental value is higher than the calculated value, and the deviation is the largest
in the central region.Compared with the cylindrical rod, the helical rod bundle is more
prone to center rod burning.

Conboy ! use a 4x4 helical cruciform rod bundle to carry out the coolant mixing test.
The effects of different mass flow rate, torsional pitch and mixing length were studied by
using hot water tracer injection technique. New experimental data on mixing and pressure
drop were obtained.It is shown that the amplitude and width of the center peak decrease
with decreasing pitch.The mixing mechanism is also divided into turbulent mixing and
steering sweep caused by structure itself.According to the experimental data of torsional
pitch, flow velocity and mixing length of different helical cross bars, a pair of optimum
fitting coefficients are determined. The given mixed correlation formula of hydraulic and
cross flow can reduce the uncertainty in the modeling of HCFI®! When analyzing the
critical heat flux of BWR, it is found that the mass peak value of corner channel is large at
SP2 200 cm pitch, which proves that there is not enough mixing.Therefore, some bumps

are added on the wall of the assembly to reduce the flow limit of the external sub-channel.
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Based on this, the HCF rod should be adjusted and designed the SP3 section shape.
Garusov!”l references the data of SM and PIK research heap. Considering the shape
of flow section and surface roughness of fuel element, the calculation methods of hy-
draulic resistance coefficient and thermal radiation coefficient of reactor core at rated
power are given, and the results are in good agreement with the experimental values.
Zhang Qi et al.[®¥] used tracer method to carry out calibration experiments and trans-
verse mixing characteristics of 5x5 components, and used wire mesh sensor to measure
the subchannel concentration.The transverse mixing of the helical cross component is
mainly caused by the steering sweep of the helical result itself. The swirl flow pattern and
the transverse mixing rate change with the change of Reynolds number, and the effective

mixing coefficient is constant.
A.4.2 Numerical simulation research

Shirvan!®) compares the CFD method with the experimental data of Conboy’s SP2
model 4x4 single-phase flow, and proves the feasibility of the CFD method.Compared
with several computing software, it is believed that Fluent has faster computing speed,
and STARCCM++ has better grid generation ability. Finally, STARCCM++ is selected
for calculation.In addition, linear k — € can better match the experimental data.For the
mixing data of 50 cm and 100 cm, the CFD simulation structures of 50 cm and 100 cm at
pitch match the experimental results, and confirm that 200 cm at pitch is similar to the
cylinder.

Shirvan!'! also used the two-phase Euler equation to develop a framework for pre-
dicting deviated bubble nucleus boiling (DNB) at high pressures, which was in agreement
with the trend of the Russian helical cruciform high pressure experimental data.The au-
thors also suggest that the helical cross bars should not be twisted only in one direction,
especially under the condition of supercooling, which will deteriorate the critical heat flow
performance of the central bar of the assembly.

Palumbo!'!! conducted a simulated heat transfer study on a helical cruciform U-
Zirconium (U-70%Zr) alloy Canadian uranium Heavy Water (CANDU) fuel assembly
in a ring arrangement.Its heat transfer coefficient is 32% higher than conventional fuel
element. The simulated peak temperature of metal alloy fuel is much lower than the solid

phase melting temperature at the traditional CANDU fuel core melting power level. At

63



the same time, uranium-zirconium alloy has good thermal conductivity and can reduce
the difference of temperature difference in different areas of fuel element under different
power levels.

Many domestic scholars have carried out simulation research on helical cruci-
form fuel, and the research content is similar with minor differences.Cai heihual'?! use
STAR-CCM+ to crazy out Numerical simulation of 55 helical cruciform fuel rod bun-
dles.Because the fuel rod self-supporting structure has some difficulties in grid division,
the paper first compares the influence of rod spacing on the flow field of components,
and considers that the best spacing is 0.5 mm.The geometrical structure of helical cruci-
form fuel rod in MIT single-phase pressure drop experiment was selected. The turbulence
model was compared with Realizable k — ¢, Standard k — @ and SST k — w,SST k — w is
the calculation model.Then, the key thermal parameters such as secondary flow velocity,
temperature and heat transfer coefficient were calculated and analyzed, and the influence
law of inlet flow velocity and spiral pitch on internal flow and heat transfer characteris-
tics of the component was obtained. The flow and heat transfer characteristics in helical
cruciform fuel bundle channel are studied by Fluent.The highest temperature of the wall
surface appeared at the maximum radius of the fuel rod, and the lowest temperature ap-
peared at the minimum radius of the fuel rod about 30 degrees.The influence of pitch on
flow resistance is small. Reducing pitch and increasing main flow velocity can obviously
improve flow heat transfer performance and enhance the stirring effect of coolant.

Similarly, Zhang Qi et al.!!3] used Fluent to calculate the flow and heat transfer
characteristics of 5x5 helical cross fuel assembly by using SST k — @ turbulence model.
The results show that the flow enters the stage of full development after a quarter of the
pitch, the average temperature of the rod bundle at the edge is higher than that at the
middle, and there are local hot spots. The influence of pitch on flow resistance is small at
low flow rate, but the flow heat transfer performance is significantly affected.

Liu chang!!'¥l

in his master’s thesis generalized the helical cruciform rods design
criterion, studied the structural parameters of the helical cruciform fuel such as transition
radius, pitch, arrangement and operating parameter such as inlet velocity, temperature and
operation pressure ,and analyzed its influence on the flow and heat transfer characteristics.
The optimum structural parameters were determined, and it was concluded that high inlet

temperature and low operating pressure could improve the overall performance. Finally,
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an empirical formula for helical cruciform fuel rods was developed.

Fang Yuliang et al.['>] numerically simulate the flow of high-temperature hydrogen
in 2X2 helical cross fuel rods, and the error is within 20%compared with the literature. The
results show that the overall thermal performance of the helical cross rod bundle is sig-
nificantly higher than that of the circular rod bundle, but the high temperature hydrogen
pyrolysis model is not considered.

Xiao et al.!'®] used Conboy’s geometric model to study the flow field of the helical
cruciform rod bundle channel from the subchannel method, and found that the mixing
effect of the fluid was mainly caused by its structure itself and turned to sweep rather than

turbulent mixing, so they proposed a sweep mixing model.

A.5 summary

To sum up, there are few physical studies on helical cross fuels, because of the dif-
ficulty of neutronic analysis brought by complex geometry.The experimental research is
mainly carried out by related institutions and scholars in the United States and Russia,
and only one person in China has carried out experimental research. At the beginning, the
sub-channel method was used to study thermal-hydraulic performance. In recent years,
the computational fluid dynamics method was used to conduct numerical simulation ex-
periments on thermal-hydraulic performance to explore the influence of structural pa-
rameters and operating parameters on thermal-hydraulic performance.But there are a few
limitations:

1. Most fuel rods use fixed heat source, without considering the neutron part.

2. No full reactor calculation.

3. Most of the research on the influence of parameters on thermal-hydraulic perfor-
mance, less research on the more essential problems in the flow.

In the future, we need to carry out neutronic analysis, conduct in-depth research on
the mechanism of mixing in thermal engineering, fit the empirical relationship, and then
conduct nuclear thermal coupling analysis, finally establish the full reactor structure and

carry out the full reactor calculation.

EEPEN
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