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Abstract  [Background] Strong interaction between neutronics and thermal-hydraulic phenomena exists in the
core under reactivity initiated accidents for VVER (Vodo-Vodyanoy Energetic Reactor) units. Three-dimensional
simulation considering coupling effect is particularly important in the accident analysis. [Purpose] This study aims to
simulate the process and consequences of reactivity initiated accidents in detail and accurately analyze uncontrolled
withdrawal of control rods group accident for VVER based on three-dimensional neutronics/thermal-hydraulic
coupling method. [Methods] Three-dimensional neutronics/thermal-hydraulic coupling method including internal

coupling type and loosely-coupled data transfer scheme was adopted in this study. Firstly, three-dimensional

AZ SR FAE S I H B

WAEE: BRiE, 22, 19904F AR, 2019 4F T PH 220l oR 2 3k i b2y, W AU 900 S i ME 2242 73 1T, E-mail: chenjing05@cnnp.com.cn
Wk F3Y: 2025-05-07, A&[RIH: 2025-07-30

Supported by China National Nuclear Corporation's "Young Talent" Program

First author: CHEN lJing, female, born in 1990, graduated from Xi'an Jiaotong University with a doctoral degree in 2019, focusing on reactor safety
analysis, E-mail: chenjing05@cnnp.com.cn

Received date: 2025-05-07, revised date: 2025-07-30

020608-1



Wi e SR T 4RI TRR S U7 iR AP R 2 s il HH s i

neutronics code combined with interface functions was compiled into dynamic link library (DLL), and quasi three-
dimensional thermal-hydraulic system code was taken as the leading role to implement the coupling of neutronics and
thermal-hydraulic codes. Then, the reliability of the coupled code was validated using the trip of one out of four
reactor coolant pump sets test conducted in the VVER-1000 power plant, and calculation and analysis on the
uncontrolled withdrawal of control rods group accident during minimal controlled power level were performed based
on the coupled code. Finally, the core neutronics model and system thermal-hydraulic model were built with
consideration of the uncertainty of neutronics parameters, code-to-code comparison was carried out to validate these
models. [Results] Calculation results indicate that sequence of events and extreme values of safety-relevant important
parameters are close to those of FSAR (Final Safety Analysis Report). Response processes of major thermal-
hydraulic parameters in the transient generally agree well with those of FSAR. Acceptance criteria under the
considered accident condition are satisfied. The protective automatic actions of safety systems bring the reactor plant
into a safe state. The axial relative power peak in the core hot channel assembly is 3.07. The minimum DNBR
(Departure from Nucleate Boiling Ratio) in the core is 2.34, and the maximum temperature of the fuel rods is
1 061.3 °C, both of which remain a large margin compared with the limited values. [Conclusions] Results of this

study demonstrate that three-dimensional neutronics/thermal-hydraulic coupling method is of great significance to the

accurate and reliable simulation on the reactivity initiated accidents for VVER units.
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Fig.2 Flowchart of the coupled calculation
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Table 1 Main initial parameters of the unit

% Parameter {H Value

IhZ Power / MW 0.1

1E4T B VA E155) 22 $f: Number of operating main coolant pumps 200 2 FIER S 4
Loop2 and Loop4)

T & N HET VA IR Coolant flow rate through the reactor / m’-h™ 41900

HELS N THEE Core inlet temperature / °C 280

G H 77 Core outlet pressure / MPa 15.4

faE#3/K oL Pressurizer level / m 5.1

SG/KAZ SG level / m 24

SG %4 /KIE % SG feed water temperature / °C 164

PRI S I 25 5 (A S A K ) FAUAED -2.1x10°

Fuel temperature reactivity coefficient (most negative value) / °C™'

P H RN RE SR 2 8 O B R AR A, B A ) e KT 674D -7.64x107

Coolant temperature reactivity coefficient (including density variations, most negative value) / °C™'

2R I Ry A (U /IMB)D Effective fraction of delayed neutrons (minimum value) / % 0.59

W & HH - 1A 805 (Ui ZIMED Effective lifetime of prompt fission neutrons (minimum value) /ps ~ 17.0

5 R EL P — K428 1) = A HE TN 1 55 A5 HE AN (B (AU /MDD Emergency protection 5.7

worth with the highest worth control rod stuck in the top position (minimum value) / %
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Table 2 Sequence of events

BT B TAELL (356 3D LL2 em-s™ A3 BE M 20% HE ¢ A2 B #ih - All control rods

(6 bundles) of working group begin to withdraw from position of 20% at a speed of 2 cm's™
g group beg p P

P &R0 0L 16.07 MPa, 38 B RS I &5 55 — NSRRI T /5 B84 {8, BL IR T 1 OF 64T
FH The spray valve begins to open by the fact that the PRZ pressure exceeds 16.07 MPa,

R s 25 1) i 33 16.27 MPa, 7% B8 T #4855 — AN WOHKIRTT IS (48 2 (8, BRI TTIT 44T
JF The spray valve begins to open by the fact that the PRZ pressure exceeds 16.27 MPa,
reaching the opening setpoint of the second PRZ spray valve

S N HEH D 785 17.6 MPa, fil & % S5 HE Emergency scram signal generates due to
SEIR 2 s J5 , M 3 XSS HE S 5, R ZHIT 46 T 78  Control rods begin to move in

RENA) A, S8 — [\ ERAFIE IR LA B4 KM Bh4s /KR T ; B G SE
MR HHLES) Loss of power supply, lead to: trip of all the primary loop main pumps.
Disconnection of main and auxiliary feedwater pumps for SG. Diesel generators turn on

SG3 Z&IVE 2k LI e Jyiid 7.25 MPa, i 3K VR BOURI 11T I8 F 8 e AEL, 1R 1 14T IR I
IRiZ 4T AR & /185250 BRU-A valve of SG3 begins to open and operate in control mode
by the fact that pressure in the steam pipeline exceeds 7.25 MPa, reaching the opening

SG2 ZR 4 LI 78 I 7.25 MPa, 76 31 KU 11T 18 R B e 4, 11147 I I I
Rz 4T R /i BRU-A valve of SG2 begins to open and operate in control mode
by the fact that pressure in the steam pipeline exceeds 7.25 MPa, reaching the opening

SG4 7R E 2k LW E Jy#iid 7.25 MPa, 18 BRS0BS54 2 48, I/ T 14T IR 901
Gz T /7850 BRU-A valve of SG4 begins to open and operate in control mode
by the fact that pressure in the steam pipeline exceeds 7.25 MPa, reaching the opening

e & 5 0T 15.97 MPa, 38 31 55 =N Ae He a3 Wbk I 5% AT A B e 4L, I T 1 5% 1A
The valve closes by the fact that the PRZ pressure is below 15.97 MPa, reaching the closing

R A8 IR U MICT 15.87 MPa, i 3 55— /N e A @ 18 b0 109 5 A1 1) B8 S AL 1 1) 55 A
The valve closes by the fact that the PRZ pressure is below 15.87 MPa, reaching the closing

%] Time / s HAF Event
THEAE(FSAR)  THELE CRFTFL)
Calculated value Calculated value
(FSAR) (this work)
0 0
58.58 64.95
reaching the opening setpoint of the first PRZ spray valve
60.54 66.95
82.94 84.12
the reactor outlet pressure exceeding 17.60 MPa
84.94 86.12
response to the scram signal with 2 s delay
90.05 87.11
setpoint of the valve
90.11 87.11
setpoint of the valve
90.11 87.11
setpoint of the valve
115.11 99.6
setpoint of the second PRZ spray valve
117.29 100.5
setpoint of the first PRZ spray valve
1 800.0 1 800.0

TSR, I B HEAL T RIS, 32 25 0% € End of calculation, reactor is subcritical,
main parameters are stable

7] Ty 2243 A5 1 2 35 W AR, 4 s 5 48 1) A 2 35 Vi B
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Ve ] 1) A5 € L AIC T FSAR IR {E Y 25 (¥ e AH 22
RIS 5 L 10 H AR e 25 Wb 28 G £ N OIS 220 R AL &
ZER AT GBS

AP 11 AT 12 i, SRRV AR L LR ZRIR
A VT AR A A A R R AL < T S 2 45
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Fig.6 Axial relative power distribution in the core hot channel assembly (#31) (color online)
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Fig.7 Radial relative power distribution in the core (color online)
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Fig.8 Variation curves of coolant flow rate in loops (color online)
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Fig.11 Variation curves of coolant temperature in hot legs of

120 - different loops (color online)
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Fig.10 Variation curves of PRZ spray flow rate (color online)
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Table 3 Location and time at which the extreme values of core parameters appear
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Parameter Axial location at which the extreme value appears Time at which the extreme value appears
FSAR(ZL10 ) AW (G20 2) FSAR VNI
FSAR (10 layers) The present work (20 layers) The present work
MDNBR FAJRT 8RR 85.19's 87.26
The fourth layer The eighth layer
R = L Maximum B AEATH 8RR 85.19s 87.26 s
fuel temperature / °C The fourth layer The eighth layer
W7 % Maximum ok SRR 85.19s 85.19's
cladding temperature / °C The sixth layer The eleventh layer
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Table 4 Extreme values of safety-relevant calculated parameters

ZH HHEAE(FSAR)  THEME ORI (W%

Parameter Calculated value Calculated value Deviation
(FSAR) (the present work)

— [a] % 15 =1 s /7 Maximum pressure in primary circuit / MPa 17.86 17.72 -0.14

- Inl B% 4% 75 1K /) Maximum pressure in secondary circuit / MPa 7.57 7.70 0.13

MDNBR 3.21 2.34 -0.87

PR =R ¥ Maximum fuel temperature / °C 1 056.4 1061.3 4.9

A5 i R Maximum cladding temperature / °C 351.01 343.97 -7.04
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