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Estimation of Leak Rates through a Through-Wall Cracked
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To introduce Leak-Before-Break (LBB) concept into the piping design
standard of the LWR pressure boundary piping, LBB research and verifi-
cation test programs are actively conducted in many nuclear electricity
generating countries. It is an important subject to evaluate the leak
rate through a through-wall cracked pipes for the verification of LBB.

At JAERI, a leak test program has started in 1987 in order to
measure leak rates of coolant through cracks in 4- and 6-inch diameter
pipes and through slit specimens.

Using the Moody's critical flow model, a computer program to evaluate
a leak rate through a through-wall cracked pipes has been developed in
order to determine the crack angle of test pipes in the leak test. This
report describes the Moody's critical flow model, the outline of the

computer program and the results of preliminary calculations.

Key words : Light Water Reactor, Leak Rate, Leak Before 3Break, Critical

Flow Rate, Saturated Water, Subcooled Water
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Nomenclatures and Abbreviations

A * Area

c ¢ Half crack length

COA i Crack Opening Area

COPD i Crack Opening Displacement
Dh *  Hydraulic diameter

f + Friction factor

Fin ¢ Friction between vapor and lipuid
Fwall ¢ Friction between liquid and wall
G ' Two—phase flow rate

Ge : Two —phase critical flow rate
GPM i Gallon per Minute

h ¢ Specific enthalpy

h, i Stagnation enthalpy

K Slip ratic (= Ug, Us )

L ¢ Crack depth

P Pressure

P, 1 Stagnation pressure

Pyer i Critical pressure

4P, : Acceleration pressure loss
4P ©  Priction pressure loss

g : outer energy

Rh ¢ Hydraulic radius

S : Specific enthropy

Sm * Design stress intensity

Smax ¢ Maximum enthropy

T ¢ Temperature

U i Velocity

v Specific volume

Vm ¢ Average specific volume for two—phase flow
X : Quality

W Leak rate

Z direction of crack depth

o ' Vapor volume fraction

B 1 Surface roughness

[ i Two—phase flow density



Subscripts
f

liquid
vapor
stagnation
entrance

exit
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W e Ug T—a g
G =—=— = (2.1)
A X Vg 1—x Vi
HL
W, W,
X7 F )T X = = (2.2)
W +W, W
o Ag Ag
a P BEEA PR @ = = (2.3)
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K:® & K = U U (2.4)
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dZ g g Ag dZ g

BHEEHE R,
d ) d
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Dh 2 p  Dh 2
Thh, V=Vet+x (Vg —Vi) 28 AT 35L&,
f 2
4P; = . {(Vi+x (V, =V } (2.23)
Dh
BELN B,
(2.21) , (223 AL hEFHEFENE,
f 2
dP + G?*dVy+— — VdZ =0 (2.24)
. Dh 2

L5,
(2.24) KZEXRELT, UFZ_HERRABG. 2K 5,



JAERI-M 88-039

26 ERRFH

EEREBLK R, SHETHTORC EEAZEL T Nikradse DX AR OTERD %,

: 21 (Rh) 1. 74 |
—_— = o] —) + .
Vi g (— (2.25)
L, & RERS
Rh : Dh2



JAERI-M 88-039%

- —— Pipe wall

4 Uf‘ SR

A — . @ e

Stagnation ~ (Pp) ' -
pressure 7 <] £

el e N
Al Ag_ 1 - Crack

, (12)
Fig.1 Moody’s slip mode!



JAERI-M 88-039

3. EBER%EAER L7 Moody & 742 & 2 “HERES Ge o
BHEBIOHRE 7075 4
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Moody i3, BERBOSTHE & HEOEERK (slip ratio) & U TRAERBL T S,

K = (Vg Vi)Y (3.1)
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3.2 EBAOIFUT 4 FAY
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K Ve

Vf f 2
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f 1 Py dP P dVn
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Input
Ge, Po, Pmin, AP

S.h. V), Vg, Vm

S|.8g.hy, hg

No

Yes

Find Smax

y

Per=P at Smax

Y

Exec. of Integration

Equation(3.7)

Y

fL./Dh

Fig.4 Flow diagram to calculate

fL/Dh for given Ge
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Input « o# P

L ]
G1=GUppe|'G2=G.L 0w qr( ?

Solve**’ ¢  for G, and P,
o, for G, and P,
a for G and P,

No

No

Sciution P_,q ,.G

cxy G GL.w .. Estimated Upper or Lower critical flow rate

¢**x3 Solve ¢ by the flow diagram shown in Fig.4

Upperr

Fig.5 Flow diagram of the computer program to soive

the critical flow rate flom given ¢, and P,
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W = G.x COA (4.1
IKAZWEZE DL, ROBRCEREIN S,

4 % COA

Dh =
HARE

4 x COA
(2Cx2+2x%C0OD)

#BWHEEZ, 2C>CODTH LD,

Dh = COA/C (4.2)
ETE B,
(4.1) B (4.2) K&y, &#/{EKR (¢, COD) 25 5T LitkD, DhdEED,
Ger, WHEE 5o '

Table 4 ~ 9 8 LU Fig. 8 ~131c, —#l& LT2GPMB LU 5 GPM (BHKE0C) D IBE
®, ZFLAWMEALB Sch80, 6B Sch80 BLUREMESTS42 6B Sch801 0.55m
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& &

AREELHBICED, BEZEAREZREFH MRLIVEBLIHELHESE L, L&
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ff % Fer 540 Rb

FORTRAN 77 V10L31 DATE 87.12.14 TIME 15.27.34

< SOLVE CRITICAL LEAK FLOW RATE THROUGH A CRACK OF
c ALPHA=LAMDA=xL/D
C BASED ON MOOQDY MODEL
¢
000001 IMPLICIT REAL=*8(A-H,0-1)
QQQcoe - DIMENSION TITLE(20)
000003 DATA GMIN,GMAX/0.2E4,5.0E4/
000004 READ(5,500) (TITLEC(I),I=1,20)
000005 500 FORMAT(20A4)
000006 WRITE{(6,600) (TITLE(I),I=1,201
~QC0Q07 600 FORMAT(/,10X,20A4)
¢
c .
000008 ICONT=1
goooo? MM=0
000010 111 READ(5,501,END=999)PO,ALPHAQ,QX0,DP,PMIN
000011 MM=MM+1
o000t IF(MM.EQ.1) ICONT=999
C00013 S01 FORMAT(7F10.0)
000014 G1=GMIN .
00C015 G2=GMAX
000016 10 G=(G1+G2)/2.0
ooo0eC17 CALL MOODY(PO,G,aX0,DP,PMIN,ALPHA,ICONT?
Q0018 CALL MOODY(PO,GL,Q@XC,DP,PMIN,ALPHAL1,ICONT?}
000019 CALL MOODY(PC,G2,QX0,DP,PMIN,ALPHA2,ICONT)
000020 ICONT=1
¢o0021 IFCCALPHAG-ALPHA2) x (ALPHAQ-ALPHAL1) .GT.0.0}Y GO TO 9999
¢oQoe2 IFCCALPHAO-ALPHA> = (ALPHAQ-ALPHAL1) .GT.0.,0)G1=G
000023 IFCCALPHAQ-ALPHAY* (ALPHAO-ALPHAZ2) .GT.0.0)G2=0
000024 GN=(Gi+G2)/2.0 7
Q00025 ERR=ABS ((G-GNJ/GN>
000026 IF(ERR.GT.1.0E-5) GOTO 10
0oco27 WRITE(6,601)P0,ALPHAQ,QXC,DP,PMIN,ALPHA,G
00co28 601 FORMAT(//,10X,10H PQ= +F15.5,
1 /,10X,10H ALPHAOQ= LF15.5,
2 /,10X,10H @X0= ,F15.5,
3 /,10X,1C0H DP= FF15.5,
4 /,10%,10H PMIN= FF15.5,
5 /,10%X,10H ALPHA= LF15.5,
6 /,10X,10H G= +F15.5, )
000029 CALL MOODY(PC,G,QX0,DP,PMIN,ALPHA,100)
000030 GO TO 111
000031 9999 WRITE(S,602)ALPHAO,ALPHAL,ALPHAZ
000032 402 FORMAT(/,20H NO SOLUTION
1 /,10H ALPHAQ= ,F15.5,
2 /,10H ALPHAl= ,F15.5,
3 /,10H ALPHAZ2= ,F15.5, )
CO0033 GO TO 111
000034 999 STOP
¢o0035 END
c
c
c
Q0001 SUBROUTINE MOODY(PO,G,QX0,DP,PMIN,ALPHA,ICONT)
c
¢ CALCULATIGON CRITICAL FLOW PASS BY MOOGDY'S MODEL
C SR=SLIP RATIO
<
000002 IMPLICIT REAL*8(A-H,0-2)
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000003 DIMENSION P(299),V(999) ,VG(P99) ,VL(999) ,VM(F992,H(999) ,HG(?99),
1 HL(999),QX{(999),5(999),8G(999),SL(999),SR(999),
2 TEMP(29%)
000004 PO=P0O/10000.0
000005 PS=PO
000006 TS=TSAT(PS)
000007 TEMPO=TS
000008 CALL STEAMZI(PQ,TEMPO.,VGO0,HGO,5G0,2)
000009 CALL STEAMZ(POQ,TEMPOQ,VLO,HLO,5L0,4)
000010 PO=10000.0xP0O
00co11 HO=HLO+Q3X0x (HGO-HLO?>
000012 VOo=VLO
000013 VMO=VLOQ
000014 N=(PO-PMIN)/DP
000015 00 1 I=1,N
000014 P(I)=PO-DPxFLOAT(I)
000017 P(I)=P(I)/10000.0
000018 PS=P(1)
000019 TS=TSAT(PS)
ooaQo2o TEMP(I)=TS
oocoz21l CALL STEAMZI(P{(I),TEMP(IX,VG(I), HG(I>,SG(I),2)
0Qooz22 CALL STEAMZ(P(I),TEMPC(I),VLCI) HLCI),SLCL) 4D
000023 P(IY=P{(I>»*10000.0
000C24 SROI>=(VG(IX/VL(IX)**x(1.0/3.0)
000025 CALL QLTY(Q@X(I),SRCI),VL(CI),VG(I)Y, HL(I) HG(I) ,HO,G>
000026 VII)=VLOE)+@X(I) = (VGCIX-VLCI))
000027 HOI)=HLCIY+QX (L) ®{HG(I}~HL(I})
000028 SCID=SLAIX+AXCI)*(SG(I)-SL(I)
000029 VM{I)=(SR(I)*x (1. 0-QX(I))«VL(I}+AX(I)=VG(I))=
1 (AXC(I)+(1.0-@XCI)I)/SRCI)
000030 1 CONTINUE
c FIND SMAX DEFINE P-CRITICAL
c
000031 SMAX=S(1)
gooec3e2 IMAX=1
000033 PC=P(1)
0000G34 DO 3 I=2,N
000035 IFCS{I).LT.SMAXY GO TO 3
000036 SMAX=S(I)
000037 IMAX=1
coo038 PC=P(I}
000039 3 CONTINUE
000040 CALL INTEG(S51,82,P0,IMAX,V,.P,VM,V0,VMO)
000041 ALPHA=2.0%9.8B0665/G*xx2%51-2.0%52
000042 WRITE(4,601) PO,TEMPO,G,QAX0,.DP,PMIN,.PC.SMAX,ALPHA
Q00043 601 FORMATC(/,10X,10H PO = s F10.3,
1 /,10%,10H T0 = , F10.3.
2 //10X,10H G = ’ F15.5,
3 /,10X,10H @X0 = , F10.3,
4 /,10%X,10H DP = ’ F10.3,
5 /,10X,10H PMIN= , F10.3,
6 /+,10%,10H PC = ’ F10.3,
7 /,10X,10H SMAX= , F15.5,
000044 IF(ICONT.EQ.1) GO TO 999
000045 WRITE(&,602)
000046 602 FORMAT(1X, 3H NOQO ,10H PRESS »10H QUALITY ,12H v ’
1 12H VL +12H VG +12H VM.,
2 10H ENT H »10H ENT HL ,10H ENT HG ,
3 10H ENT S »10H EN SL  ,10H ENT SG
000047 DO 4 I=1, N
000048 4 WRITE(6,603)1,PC1),@XCI), V{IX,VL{I) VG(IY,VM(IL),
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1 H(IY HLCI)  HG(I),SCI),SLCI),SGLDD
603 FORMAT(1X, I3, Fi0.0,F10.5, 4El2.4, 6F10.5)
999 RETURN

END

SUBROUTINE QLTYCQX,SR,VL,VG,HL,HG,HOD,G?
IMPLICIT REAL=*B{A-H,D-2)

GRAV= 9.80665

AA= 1.0/426.858

A = (1.0-1.0/SR**x2)x(1.0-2.0xSR=VL/VG+SR**2x{(VL/VGixx2)
B = (1.0-2.0%*SRxVL/VG+SRxx2x(VL/VG)*22)/SR%xx%x2+
1 2.0=(1.0-1.0/SR**2)*SR*xVL/VGx(1.0-VYL/VGxSR)
C = 2.0/SR*xVL/VG*(1.0~VL/VGxSRI+{(SR*x2-1,0)x(VL/VG)xx2+
1 (RG~HL) /{VG2x2xAAxGx%x2)x2 .0xGRAV

0 =—(HO-HL) /{(VGe**2xAAxGx*x2) x2 . O*xGRAV+(VL/VGE) %x2
AA=1/427 KCAL/KG-M
SOLVE AX«+3+BX**x2+(X+0=0

0<=X<=1

X1=-0.1

X2=1.0

X=(X1+X2)/2.0

Y1=AxX1xx3+BxX1xx2+CxX1+D

Y2=AxX2+x3+BxX2x22+CxX2+D

Y=A*xX*xx3+BxXxx2+CxX+D

TF(Y1=Y LE.C.Q)Y X2=X

IF(Y2xY.LE.0.0) X1=X

XN=(X1+X2)/2.0

CIFLY1%xY2.6T.0.0) GO TO 3

EPS=ABS ((X-XN)/XN)

IF(EPS.LE.1.0E-6> GO TO 1

X=XN

G0 TO 2

3 WRITE(6,601) Y1,Y,Y2
601 FORMAT(/20X,108H F((X1)= +E15.5,/.,

1 20X,10H F(X) = +E15.5,/,
2 ZOX,IOH F(X2)= 1E15-51/1
3 20%X,30H EQ.CAN NOT BE SOLVED 3

1 CONTINUE

X=XN

ax=X

IF(QX.LT.0.0) @GX=0.0Q

RETURN

END

SUBROUTINE INTEG(S1,52,P0,IMAX,V,P,VM,V0,VMD)
IMPLICIT REAL*8C(A-H,0-1)
DIMENSION V(999),P(999),VM(999)
$1=0.0

32=0.0

DO 1 I=2, IMAX

BP=P(I}-P(I-1)
DYM=VM{I)-VM(I-1D
VX=(V(I-1)+V¥(I)3/2.0
S1=51+DP/VX

$2=82+DVM/VX

CONTINUE
DS11=(P(1)=-PO)x2.0/{V(1)+VD)
DS21=(VYM(13~-VMOI»x2.0/(V(1)+VD)
51=81+DS11

S2=52+DS21

S§1=-51

RETURN

END



