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Experimental and theoretical study on the natural circulation characteristics of humid air

in the fuel assembly of a full-scale pressurized water reactor
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Abstract  [Background] Natural circulation systems are widely used in the nuclear industry for decay heat
removal, post-accident containment cooling, and the cooling of radioactive waste storage facilities. Because a large
number of spent fuel assemblies are densely arranged in the spent fuel pool, the spent fuel assemblies in the central
area of the spent fuel pool can be approximated as having adiabatic boundary conditions. In the event of a coolant
loss accident, the heat generated by the spent fuel assemblies can be exported only by the natural circulation of air.
[Purpose] This study aims to develop analytical models for fuel assembly natural circulation characteristics
independent of the results of computational fluid dynamics (CFD) to investigate the natural circulation characteristics
of spent fuel pools following a coolant loss accident. [Methods] Based on the experimental results of a fuel assembly
pressure drop of a full-scale pressurized water reactor (PWR), the Darcy - Forchheimer model was firstly revised to
predict the pressure drop of humid air flowing through the fuel assembly. Models for the fuel assembly natural
circulation flow rate and peak cladding temperature were then established, and the effects of the relative humidity of

air on the models were considered. Finally, these models were applied to investigating effects of total heating power,
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ambient temperature, and relative humidity on the natural circulation flow rate and peak cladding temperature of the

fuel assembly. [Results] The results show that the models accurately predict the natural circulation flow rate and peak

cladding temperature of the fuel assembly under different heating powers, and the errors are less than 25% and 20%,

respectively, as compared with the experimental measurement values. [Conclusions] The developed models in this

study can be used to study the natural circulation characteristics of full-scale PWR fuel assemblies.
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Fig.1 Diagram of fuel assembly pressure drop and natural circulation test facility
(a) Pressure test section, (b) Natural circulation test section
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Table 1 Dimensions of fuel assembly and rectangular cells
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2 5 Parameter JX~} Dimension
F& 546 B Rod bundle arrangement 17x17
HLIN A #MZ Fuel rod outer diameter / m 0.009 5

F7#E Rod pitch / m 0.0126
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AR R U H Number of instrument tube 1

SE A% ZE 40 H Number of spacer grids 8

BEVEHRS 4240 B Number of mixing grids 3

7K J1% E.4% D, Hydraulic diameter D,/ m 0.010 07

WRRLZH #F4ME R <) Size of the bundle arrangement / m 0.214 0x0.214 0
4E % I8 38 P B¥ )T Size of the rectangular cell / m 0.215 0x0.2150
IR 4, Flow area 4,/ m? 0.024 469

T
4,= ZDf (14)
Re = —peZ‘D‘ (15)

A f, I PG BEHE IR 1, H Blasius 2 P WHE L,
RIAEKE , m:; DoARE EHAR, msp, AT SIE L,
kgm>su NN SME, m s Re N EE A,
R E BT, m? s n A SR, Pass.
R AT 2 AL B SR 8 B T AR 24

A -

2

— P — m
APﬁn - 1<ﬁn?0u02 - Kﬁn zpoAfz (16)
mZ
APfom = Kfout% qu = Kfout 2pHAf2 (17)

o K, AR AR B D R B BUA
0.5, FAr 05 H 43 HARARHE ORI H 1 s K, AR
A H AR FRIBE 77 R E BN 1.057

N 1B [ A5 3k HA 1 Ak 1 Ry 38 s B v 5 4 34

080607-4



BRGTS  RTAEA RST HoKHERORHE AT b ) B ARIE PR R 106 K BB AT 7T

A
ok P m’
APtin - Ktin? u12 - Ktin 2,051412 (18)
e m2
A})tcvut = me%ut2 = Ktout 2peA12 (19)

A Ky, N BB 3 11 4 1 BH ) R 50 BUN
LAWY CBEE T N AR I R %) 5 Ko AN E BT
B AR FE 71 R E BUCR 0.5
T IR A (i R B A
m* [ 1 1
AP, = VE (pH . ) (20)
XTIk 2R A R A 1 H ARG IR B, B AR IE 3
UKZ) ) R 2256 T B AMIE IR s %, B
AP, = AP, 1)
HHX @ADL U6). (17 (18). (19«
COARNK QD , T 13 2F2 2 B ARG IR BT 1
B4l o0 F X

fo p.gdh — fophgdh = f()%dh + 22)
AP, + AP, + AP, + AP, + AP, + AP,

3 (22) 72 25 AW 1 AN B I m T BREC 1T
ST SIREE R I RAR R B . R
7 b Tk A2 A g B A Ak IR T O R
A, NREFREREm, S S DlT
TR B I w5 B AN K, T L A1 B 558 A R R )
JZ , B[R] — B 2] 70 SRS B AR 7] 5 2) Hh T H SRR 3
BN R FEAR /N, BT 28 R T IR A K R IR E
B, BN 101 325.0 Pa; 3) BRKBLH AR n#ad #2 op K4t
B2 S L e A, 6 B B 1) AR Tl AR R T
N 19% 5 444 25 SO0t e Gt R N — e O 2
B A 25 p& il m) 77 1) B A4 34 5D 2K I FA B B
BRI EM A IR E EEES AT, ST
INFABR I A s 18 25 SAER I FAad 2 9, A XS
J5 8 I ) T T R B AR K 28R 4 R I AS
AR BT UL AR, 50 BN BIA R AS I, 7R}
A= N h A — B dh, A

q,dh = mc,dT (23)
s g AR BHA A MBI DI 2R %, Wem ™ s ¢,
NS EE EIEE, Tkg'°oC T R ZE S W
J&,°C.,

TERTT dh N, AT R S PEAAS , H UK
T, BT e, ) di v BE N 2 SR BE R I 48«

dh

Th+dh:Th+leT (24)
p.h

ﬂqj:Tthdhj'\j%Eh + dhﬁﬁ@?ﬂ%}g’ocicp'h%%_‘gh
b5 R EL VA, T kg ' -oC

A Q24D , S —wm FEAL I RE L IR H 3
Podk, W7 R b 280 B d e IR . AR RN,
o8 T8 M8 2% AF BIVIORLZEL A N 1 25 R B A X 3
J& s AL S A e, A n] 5K 2 e A A v
FIEE AL S 4 3K Q2O AR 70 D SRR, T AT >R
R m, KPR T SRR I 2 s

Input Total Heating Power (),
Ambient Temperature tin, Relative
Humidity RH

Initialize the Geometry of the Test Section, Various
Coefficients, Given Height Element di
and the Allowable Error &

v

Assume a Small Mass Flow Rate m

¢

Update the Temperature 7, Density p,
Specific Heat Capacity ¢,, Dynamic Viscosity # and Thermal
Conductivity & at Each Height Position From the Entrance
to the Exit of the Rectangular Cell

+ m=n+Ant
Calculate the Natural Circulation Driving Force

Pressure Difference APy, Nutural Circulation Flow
Pressure Drop AP,

<<

Yes

v

/ Output Mass Flow Rate m /

2 HARIE R SRR AL
Fig.2 Flow of natural circulation flow rate solution
222 AUSER AR
X TR PR DRI 45 #A, Moorthi S54RI B R
T 5% e R B (NuD A 5 LA S5 9. X
TO7 A BRI TR, 24 i i) A ) B —
SE I, B R N AT I8 T 205

P
51.205—51.22

Nu = (25)
P
—+
5+ 1358

U POYBREIEE TR , m s D NPARIFE HAZ , m.
7S5 RO R 3R O I R AR R R AL IR
Hh A

h= Mk 26)

Pk, SIS IAEL W-m™-°C s DOIREL A

080607-5



% AR

2024, 47: 080607

R EAE  m.
D) B o #RobE 2R TR B AT TSN
T.(h) = Th+h1 27)
77 Nn%H] (28)

AP Ty LI A bR R R S, °C s T, 8RR
J&,°C s q NIRE L, W-m™; Q BN R, Wi N
NN AR H, B m

HEF§2.2.1 L) B AREIA L EAR T 0] R AT
WORHELAE Y ) B SR S DA S A, AR B
Q7 , AT EERAGEE A BAL R 5E iR, b
VAT Afy e L L SR TR

3 SRS

3.1 1ERIGF

WA TR B SRR S 06 X SR il 2 3k
ATIRAIE o R TIN5 S 6 I B2 PO 0 R A 2.
3R 4 Fros , A T B SRR PR K T 5k
I B IRIEIA L, £ IR B A s i ELAL ,

(AL FEE 1) R T SR, X {5 45 T 0 Py e {1 B 5 i
-2 N i 114 [ R b R (B el 1 K DA P 181
(R P 280 /N TSR B o L ARE A IAE B R0 2l e 3L
TRIAE 55 S 90 AE F AT 5% 22 LA an 1 S AL 6 o
I3 HITE 25% F120% LAY o BEART 5, A5 2 T 11
J5 B v T R A AR 1TSS R X 2
ARG IR R 22 , g s il H AR TR I . 2
WS T AR TN FA B R A, 2 AR TIIN (1) SR R U
BAMAK . — 77 T2 TR T A AR PRI R
T SZIl EHSRPE R LR, ) — 7 T, A AR T A
27 19% FE 31 2 I # B 350, i s2 36 b #viE 2 M il
X 5k A 22 AR DX 3k, 3 8 7 T 4 () 5 3850 77 A1 ol 1)
e JEE AT 8 AR T £ L AR T SR E . R
AR B A B AL, R TR L = A S e AR
F, BEE NPT Z R 2y 2 DUAR S I A% 2
AN TR I A _E R AR 0 #ABE, BT DL SR (0 S 0 R
TH IR NG , AR B 25 Fe AR AT, Ho2ds 34
7 Ll T P A 4 0 31 S A B, TR ) 3 AT
FERHIE TN, 1% T 38507 b B AV B 4 oK i 1) L FEE T
R TS a0 & AE

2 EESBEAEMEETUIIRE
Table 2 Prediction errors of humid air natural circulation model
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/ kW temperature  humidity szl TR A error S T AR error
/°C /% Experimental Predicted 1% Experimental Predicted /%
value value value value
0.8 18.7 77.8 154.9 189.1 22.1 148.5 176.1 18.6
1.5 18.0 78.0 188.8 2193 16.2 250.2 270.9 8.3
2.0 17.2 78.2 201.7 230.2 14.1 298.5 336.6 12.8
2.5 10.9 96.4 2123 2433 14.6 353.6 387.2 9.5
3.0 24.0 39.1 182.7 228.1 24.8 417.2 499.6 19.8
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Fig.3 Comparison of temperatures predicted by the model and experimental values under different heating powers
(a) 1.5 kW, (b) 2.5 kW, (c) 3.0 kW
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