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Abstract The device for helium leak detection of fuel rods is one of the core components in the production
process of fuel rods, which is crucial for the production quality of fuel rods and the stable operation of nuclear
power plants. The current leak detection device utilizes a horizontal testing method, where fuel rods are batched for
testing, and the efficiency of leak detection needs to be improved. This paper introduces the development of a multi-
stage differential vacuum system for online pass-through leak detection of fuel rods. Based on the system’s
characteristics, the design concept and process of the system are proposed. The method involves iterative
calculations for extreme differential ratio, pumping speed, and steady-state pressure calculation. The parameters of
the system are then analyzed. The research shows that the development of the multi-stage differential vacuum
system is feasible. The pressure of the leak detection chamber can be maintained at a low level, the response speed
of leak detection is fast, the leak detection efficiency is superior to existing equipment, and the system redundancy is
high, leaving greater room for cost reduction. This system can achieve helium mass spectrometry leak detection for
individual fuel rods, providing a foundation for quality control and traceability of fuel rods.
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Fig. 1 Diagram of the multi-stage differential vacuum device
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Fig. 2 Multi-stage differential vacuum system for helium leak detection of fuel rods
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Fig. 4 The design process for multi-stage differential vacuum systems
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Tab. 5 Prediction of vacuum pump pumping speed in 4-stage
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F143 9N 6.66x10° Pa, 7.51x10"' Pa, 4.22x10™* Pa,
6.55x107 Pa, i E (M H s =) E i+
H w7, ik R AR EK .

K6 AREFEZRERESN

Tab. 6 Steady-state parameters of 4-stage differential vacuum

system
19 24 39 4 9%
}E‘@ P P P =
HEE HEE B HAEE
H AR Bl N » . B ,
. 1.75%x107"  2.78x10°  6.7x10 1x10
SR (m/s)
HTRAHZER 8.75x107 1.39x10° 3.35x10°  1x10°
SRR (M) ’ ’
WHRERS/(m's)  5.66x107  8.00x10°  6.18x10°  6.18x10°
HISREEE /P 6.66x10°  7.51x107"  4.22x10°  6.55x107

3.5 RERLSN
TERR BT AZ I, PR 22 18] A S 2 12 ok, i 26
FLAR/IN TR AR, 24 v JE L T R T8 P
RER NIRRT N AN = O RV S B o 8
TE—Bl 5 W 2 0F R, MR R IE SE i i i, 1R S
P 2 [) (9 R B O, IR B R A T AY — 2 (50 mm),,
T 2 R A TE R — R P AR I R KA

= R IR M B AT s ity N 70 22 = AT s
AT TAE 59 Ui 8 18 it A SRR SR Y 248, i R A
FEREAFEEWME TR, MR TR 6 T IEH
TS, RE RSB RIIBHBN, Kiw=E
JE SR TR 10 1.12x10°° Pa, 3SR 46 I BT
JEF1 107 Pa, HEARIN T, %5 5 DU BL2S R4
PRI SZ IR/

xRT1T REFBTEZERSEN
Tab. 7 Steady state pressure of vacuum chamber under normal

operation and abnormal conditions

Er EiRE ElmRW O H3RE  E4RE
P 1.32x10° 6.66x10° 6.66x10 6.66x10°
P 1.82 1.36 7.51x10" 7.51x10™
s 1.02x10° 7.65x10™ 8.39x10™* 4.22x10™
Pe 1.12x10°° 9.20x107 9.77x1077 9.77x107
Ds 4.23x10™ 4.23x10™ 4.23x10™ 4.23x10™
Ps 7.51x10™" 7.51x10™" 7.51x10™" 7.51x10™
», 6.66x10° 6.66x10° 6.66x10° 6.66x10°

TEM R 25T, Horp—AN 15 A 1 rh o R
Wk, PP A A R O (R AR A I, S
SRR, DT e LS 5 R KR, PR e
KEZFM T EEE RS Sl & T B
IR NEERWE S Ui, p Bl p, 435k 7B
FIEST, py WK E (@R ESE) RS, M5 1,
2. 3. 4 A A TP Ay BT RV, p, RS T)
I35 4.57x10 " Pa, 1.81x10* Pa, 4.44x10”° Pa, 4.43x
10° Pa, NI p, 7E AT AT T 00 F B fe i B2 25 6 1ok
1.81x10 " Pa, 3 & Kl bs o BIr 75 A9 77 (107 Pa), [F]
A 45 0 B2 5 TR ) AR B2 SRS AT L, AR
R E . IR UL 4 92550 A RS
T A FIa 7 21 K T T o () 228 B R

8 MBEHTHESZBRASES

Tab. 8 Steady state vacuum chamber pressure under normal

operation and extreme conditions

mrE ikl E2Jik E3dE  F4lE
P 1.70x10" 6.04x10° 6.66x107 6.66x10°
I 1.17x10° 3.89x10° 6.72x10"" 75110
s 5.86x10™ 2.34x10™ 5.68x107 3.91x107*
P 4.57x10° 1.81x10™* 4.44x107 4.43x10°
ps 4.23x107™ 4.23x10™ 4.23x10™* 4.23x10™
Ds 7.51x10™" 7.51x10"" 7.51x10™ 7.51x10™
P 6.66x10° 6.66x10 6.66x10° 6.66x10°




920 H = B

ST 5 I NI S

o 44 3%

Hae s TO0, Mo T005 4 6 1K 00 M XS
PRI R, 5 — 2 Y0 T AL 5 ) A A T B i
B P E WY, AT S 5 R s % 5 —
NERAE )AL AL

3.6 IEERSHT

RGE SRR, B IR S
J5 4% B 2S F R i 2% B bR E S MEHE, B S
T—HEERZIFGEE 3. 2 W B A BURA 2L
TS T3 9. # B X B A ], 4B Be il
SR 125, 147 s, 7.7 s Fl 3.7 s, Bl <t
)28 27.3 s, A] Wi RGEAE R ] BRI EL 28 T AR

R BEMERIHSERINHE

Tab.9 Pumping volume and pumping speed at different stages

BUEHAERT . & 1090 TN RS BT
e BR 25 73 U ARG I 28 A R g, 39 A AR B g
0.1 mm, 6 2 W BRI 3 5 w5 4-5 4, 404 AR
4 10.3x10°7° m i, Kzl 2 45 R 0 A7 AR5 v 1 B A
i

10 ARTREERETHRRES T

Tab. 10 Limit difference ratio for different orifice diameters

] o BB 53 1
HAA/mm K =R E F1/Pa B0 B2 B3% BAR
10 4.15%10°" 505.8 1365 1712 2057
10.1 1.76x107 383 857 1205 1447
10.2 6.26x107 303 552 896 1076
10.3 1.74x10°° 247 405 693 833

1= 1 2 3 4
HWAAEB/M’  1.55x107 125107 9.34x10°  6.23x10°
i/ (m's)  1.61x10"  1.42x10°  2.19x10°  7.96x10°

AT/ 12 14.7 7.7 3.7

DLR R B 3B B S 0.12 mys 3, K I — AR K
4 m (BRI R 2 33.3 s, LIRRFRIGHIEEE 0.254 m/s
TF, K FH R 15.7 s, /N FSCHK [1] P24 SR R
BRI (29 36 5), 2 B R GE iR 2% A8 T
A KRG [, 35A% HE 52 e U A AR SRR
R it ., ST B BRI 114 O A 4R I R

4 S5t

Fhy S 15 B0 AL, 25 A I TR R
() 8] B EAE T8 AR AT SR AT AE SRR R I, EL 2 8 s )
ARSI/, TP I P ICR PR T 1o N A
T2 2R ETh, MR GE T ARRE ML= L R R,
s R GEn] e B T AR I Al fEff B2 R
P AE S Pras AT A, I AR UEAZ LR 22 18] 8] ffa S al
B/, TP TE T A A VR, ORI R B R AT E

X T 24 AR S A T T 25 0 Hos R A
T HARRE R 9.9¢10° m I, FT ik A H 2
SR f /0N, T AT B e, RITIZ A
2 RZGMIURIER R, [ 4 HE 1SRG RER
i KRR SRR ) 2 B A

S E VTN BT/ AW /S W T T 1 73 s TV 1
T30 5 A T AR A U R T R = IE
U TE A AR RS A U A BRI, DA T e

5 it

ARG H AT T 38 H TR 20 1S K s
) 22 25y B28 RGBT, 2 T F FRA K
WS B A e 1 22 9 25 oy HL S R B L
R4 IZ B, Bk BEx R RSFSE Ms T
TR PR 22 45 L, 7R BR 22 43 He i ] R e i 1) 22
o3 IR TS PR S TR R, B T s AR
PERY, Mg B BRI S S EUR, TR RS AN
BR/EAE RS

HISHFFT R, MW EAE N 9.9 mm, K
100 mm B, {4 9025 0 B 25 R GERE T 2 LR
P TG T P 75 2K, A5 T T R ) L2 R A R
I, W R EREE R B R, R/ A RS
BARB TUR RS

%255y LS RGN BHE R T ROR L T 3
KU 2 40, fie S B R DU AR R R B i e 6, R A T
& GRS T 15 28 2 GE At 1 4G T 7 Sk i ANl o 1, b S
B AR PR A A o e A 4 L U B T LR, Bl AL
T mJe AL B REfL . BB

& % x #
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