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ABSTRACT - 

A l e a k  r a t e  code ,  LEAK-RATE V e r s i o n  1 . 0 ,  has been  deve loped  t o  
predict two-phase c r i t i c a l  mass f l u x e s ,  e x i t  p r e s s u r e s  and  
p r e s s u r e  p r o f i l e s  f o r  c r a c k s ,  which fo rms  a n  i n t e g r a l  p a r t  o f  
l e a k - b e f o r e - b r e a k  (LBB) a n a l y s i s  o f  p r e s s u r i z e d  r e a c t o r  
components  such  a s  p i p e s  and  h e a d e r s .  The code  can  a l s o  be u s e d  
t o  c a l c u l a t e  s team g e n e r a t o r  t u b e  l e a k a g e s .  LEAK-RATE V e r s i o n  
1 . 0  code  u s e s  t h e  homogeneous f r o z e n  model (HFM) f o r  d e t e r m i n i n g  
c r i t i c a l  mass f l u x ,  w i t h  e f f e c t s  o f  f r i c t i o n  a c c o u n t e d  f o r  w i t h i n  
t h e  c r a c k .  The code p r e d i c t i o n s  have  been  compared w i t h  a n  
e x t e n s i v e  e x p e r i m e n t a l  d a t a b a s e ,  a n d  a l s o  benchmarked a g a i n s t  
o t h e r  s i m i l a r  i n t e r n a t i o n a l  c o d e s .  The code  p r e d i c t e d  t h e  l e a k  
r a t e s  and  e x i t  p r e s s u r e s  t o  w i t h i n  225% of e x p e r i m e n t a l  d a t a ,  
which  r e p r e s e n t s  a r e a s o n a b l y  good ag reemen t  f o r  l e a k  r a t e  
p r e d i c t i o n s .  The p r e d i c t e d  p r e s s u r e  p r o f i l e s  w i t h i n  t h e  c r a c k  
a g r e e d  w e l l  w i t h  e x p e r i m e n t a l  d a t a  and  y i e l d e d  t h e  same t r e n d  as 
t h e  e x p e r i m e n t a l  o b s e r v a t i o n s .  

1.0 INTRODUCTION 

N u c l e a r  p l a n t s  a r e  d e s i g n e d  t o  s a f e l y  shutdown i n  t h e  e v e n t  of  a 
sudden  p i p e  r u p t u r e .  To s a t i s f y  p i p e  b r e a k  c r i t e r i a ,  t h e  p l a n t s  
r e q u i r e  p i p e  whip r e s t r a i n t s  and  jet impingement s h i e l d s .  These 
s t r u c t u r e s  a r e  e x p e n s i v e  and  impede access f o r  i n - s e r v i c e  
i n s p e c t i o n  and  ma in tenance  a s  w e l l  a s  i n c r e a s e  r a d i a t i o n  e x p o s u r e  
o f  p e r s o n n e l .  The l eak -be fo re -b reak  (LBB) a n a l y s i s  i s  b e i n g  u s e d  
t o  d e m o n s t r a t e  t h a t  a  th rough-wa l l  p i p e  c r a c k  p roduces  a  
d e t e c t a b l e  l e a k a g e  w e l l  i n  advance  o f  a n  u n s t a b l e  c r a c k  growth  
t h a t  c o u l d  r e s u l t  i n  sudden c a t a s t r o p h i c  p i p e  r u p t u r e .  The 
a b i l i t y  t o  d e t e c t  a  l e a k a g e  l o n g  b e f o r e  a  c r a c k  becomes u n s t a b l e  
p r o v i d e s  an  a l t e r n a t i v e  approach  t o  s a t i s f y i n g  p i p e  b r e a k  - 
c r i t e r i a ,  t h u s  p r e v e n t i n g  t h e  need  f o r  complex and  c o s t l y  d e s i g n  
m e a s u r e s  t o  p r o t e c t  a g a i n s t  p i p e  r u p t u r e  dynamic e f f e c t s ,  s u c h  a s  
p i p e  whip and  jet  impingement .  A s  p a r t  o f  LBB a n a l y s i s ,  l e a k  
rates  t h r o u g h  c r a c k s  are d e t e r m i n e d  t o  p r o v i d e  a  c o r r e l a t i o n  w i t h  
the  c r a c k  s i z e s  f o r  d e t e r m i n i n g  t h e  marg in  t o  a t t a i n  t h e  c r i t i c a l  
c r a c k  s i z e .  

Under t y p i c a l  n u c l e a r  r e a c t o r  o p e r a t i n g  c o n d i t i o n s ,  t h e  l e a k a g e  
f l ow t h r o u g h  c r a c k s  c a n  f l a s h  i n t o  v a p o u r .  T h e  c o m p r e s s i b l e  two- 



phase crack flow may exhibit critical flow or choking. Thus, a 
two-phase critical flow model is needed to treat leakages through 
cracks. An earlier version.of the code, LEAK-RATE Version 0.0 
[I] was developed to correlate measured leak rates to crack 
sizes, while experimental investigation was being conducted at 
Ontario Hydro Research Division (OHRD) [ 2 ] .  

This paper presents LEAK-RATE Version 1.0 (3) code, which 
modifies and extends the range of applicability of Version 0.0, 
for predicting leak rates through various pipes and tube-wall 
cracks. LEAK-RATE Version 1.0 accounts- for changes in mass flux 
due to variations in the crack cross-sectional area, and sharp 
entrance pressure drops. It uses the Bernoulli equation for 
calculating single-phase discharges and includes various crack 
geometries. Several models have been proposed for calculating 
critical two-phase flow discharges from pipe cracks. The 
suitability of these models depends on the fluid conditions and 
the geometry under consideration. The homogeneous frozen model 
(HFM), developed for fluid and geometrical conditions similar to 
those expected for leakages through a crack in heat transport - 
piping, is widely reported in the literature. This model has 
been chosen for the present study due to its simplicity, and its 
tendency to yield good predictions of the critical mass flux [4] . 
In addition, the model requires very few parameters to be, 
correlated, making it more mechanistically viable. The main 
disadvantage of the homogeneous frozen model is its dependence on 
fluid conditions at the choking plane, which are usually unknown. 
Henry and Fauske [ 5 ]  have derived a form of the HFM model that 
depends only on the stagnation conditions. For long cracks, 
however, frictional pressure drops in the crack which may become 
significant, were not considered in their model. In the present 
analysis, the effects of friction has been included, hence the 
HFM equation given by Whalley [4] will be applied at the crack 
throat, after solving the mass and momentum equations, assuming 
homogeneous equilibrium flow, for the ~ressure drop along the - 

crack and the thermaIhydraulic conditions at the throat. The 
critical flow and the pressure drop equations, together, form a 
set of non-linear equations, which can be numerically solved for 
the critical mass flux and exit-plane pressure. 

A Homogeneous Non-Equilibrium Model (HNEM) is also being 
developed in parallel with the HFM. The HNEM is a lumped 
parameter model based on a non-equilibrium critical flow model 
[6], to be used separately as a scoping tool to provide initial 
guesses for the HFM model. The HFM model, which uses a nodalized 
flow path, yields the crack-path pressure profiles, exit-plane 
pressures and the crack discharge mass-flow rate. 

The leak rate code described in this work was developed to 
provide leak rate estimates for given crack sizes. An extensive 
database, including data from an on-going experimental program at 
OHRD [ Z ] ,  on experimental leak rates, was established and used to 



validate LEAK-RATE Version 1.0 [ 3 ] .  The code predictions were 
further compared against those of internationally available codes 
such as SQUIRT (BATTELLE/IPIRG) [7] and PICEP (EPRI) [8] . 

2 . 0  CRITICAL FLOW MODELS 

It has been well established that choking or critical flow of a 
single-phase fluid occurs when the following condition is 
attained: 

where Gc is the critical mass flux, v is the specific volume, p 
is the pressure and s represents the entropy. Equation (1) has 
been derived from a momentum balance with an assumption of 
frictionless flow, and for conditions corresponding to an 
infinitely large pressure gradient. This irictionless flow 
assumption has been stated to be valid as the flow becomes choked 
or nearly choked [4] . 

2.1 Homoqeneous Frozen Model (HE'M) 

The homogeneous frozen model to be applied at the crack throat 
can be derived from Equation (1) based on the following 
assumptions: 

(i) The flow is homogeneous and-average phase velocities 
are equal (i. e., no slip) . 

(ii) Choking occurs at the crack exit. 

(iii)The quality is frozen at the choking plane. 

(iv) The vapour expands isentropically as an ideal gas. 

(v) The flow is adiabatic. 

(vi) The liquid phase is incompressible. 

Theref ore, for a single component two-phase flow (e . g . , steam- 
water flow), the HFM can be derived from Equation ( I ) ,  based on 
the above assumptions, by expressing the two-phase specific 
volume as, 





In the present analysis, frictional pressure drop is assumed to 
be dominant, especially for long cracks. Additional pressure 
drops due to changes in the fluid density, entrance efzects, 
obstructions and other appendages may also be significant. These 
effects are accounted for in the total pressure drop expression 
given as: 

Equation (7) represents a sum of the entrance, frictional and 
obstruction pressure drops, respectively. Accelerational 
pressure drop resulting from density changes, when flashing to a 
two-phase mixture occurs, is accounted for by continuously 
updating both the fluid density and the pressure drop from the 
property subroutine, at each node in the numerical scheme. In 
this procedure, both the inlet and outlet pressures of the node 
are evaluated and an average density based on these pressures 
determined. 

The constant C represents the orifice contraction coeffic,ient. 
The value of C may vary with the geometry of the crack and the 
flow rate. For a rectangular orifice with a sharp entrance the 
orifice coefficient, C is 0.61, at conditions applicable to those 
under consideration in which the approach velocity to the crack 
entrance is nearly zero, and the stagnation chamber dimensions 
are much larger than the crack opening. Although, a rounding off 
of the entrance may lead to higher values of C, the default value 
of 0.61 has been used throughout for consistency. In practice, 
the crack entrance is expected to be quite sharp. k. represents 
the pressure drop coefficient due to various obstructions and 
appendages along the crack, L represents the pipe-wall thickness, 
and D is the hydraulic diameter. For turbulent flows in cracks 
with rou-h walls, an explicit form of the Colebrook and White 
friction factor correlation developed by Swamee and Jain [TO] has 
been app-ied, namely, 

where e is the average roughness height, and Re represents the 
Reynolds number. This friction factor correlation has been 
chosen because it requires no iteration in f, and also accounts 
for Reynolds number dependence. The two-phase viscosity is 
expressed as: 



where pl and \i, are the liquid and vapour dynamic viscosities, 
respectively. The viscosities, and densities are evaluated at 
the average node pressure, with the enthalpy remaining constant 
at the stagnation value. The density is given as, p = 1/v, where 
v is given by Equation (2). The fluid-properties at the crack 
throat are evaluated based on the stagnation enthalpy and the 
throat pressure, determined by solving Equations (6) to (9) . 
Equation (5) is then applied at the crack throat (or choking 
plane) to estimate the critical mass flux. 

2.2 Homoqeneous Non-Ecruilibrium Model (HNEM) 

The critical flow model described here is a one-dimensional 
homogeneous non-equilibrium model, modified from the original 
model by Henry [ 6 ]  to include effects of wall friction, flow area 
changes, and flow path bends and obstructions [ll] . 

I 

The homogeneous non-equilibrium critical flow model can be 
derived from Equation (1) based on the same set of assumptions 
stated in Section 2.1, except that the flow is not frozen in this 
case. Also negligible vapor formation is assumed in a region 
defined by 0 < L/D < 12. 

Following the derivation of the HFM critical mass flux (Section 
2.1), the HNEM critical mass flux becomes, 

In Equation (10) , the term N (dxE/dp) replaces dx/dp according to 
Henry [ 6 ] ,  and vl=v,-, since the liquid phase is incompressible. 
vln is the stagnation liquid specific volume, xE is the 
equilibrium quality and N is the Henry non equilibrium parameter. 
The subscript, t signifies that the quantity in bracket is 
evaluated at the crack throat conditions. 

The non-equilibrium parameter, N is given by, 
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The e x i t  p l a n e  q u a l i t y  i s  exp re s sed  by Henry [ 6 ]  as;  

where B = 0.0523, L is the  c r a c k  d e p t h  and D i s  t h e  c r a c k  open ing  
d i sp l acemen t .  The above e x p r e s s i o n  r e p r e s e n t s  t h e  r a t e  a t  which 
vapour  g e n e r a t i o n  approaches  i t s  e q u i l i b r i u m  v a l u e  from 
m e t a s t a b i l i t y .  Note t h a t  when N = 0 ,  Equa t ion  1 0  r e p r e s e n t s  t h e  
homogeneous f r o z e n  model (HFM - see Equa t ion  3 )  and when N = 1, 
it y i e l d s  t h e  homogeneous e q u i l i b r i u m  model (HEM). 

I n  t h i s  c a se ,  t h e  t h r o a t  p r e s s u r e  i s  o b t a i n e d  from t h e  c r a c k  p a t h  
p r e s s u r e  d rop  acco rd ing  t o :  

where pn i s  t h e  s t a g n a t i o n  p r e s s u r e  and p, i s  t h e  e x i t  p l a n e  
p r e s s u r e .  AP c o n s i s t s  of s e v e r a l  components a s  exp re s sed  below, 

Ape = e n t r a n c e  p r e s s u r e  d rop  
APf = f r i c t i o n a l  p r e s s u r e  d rop  
APÃ = a c c e l e r a t i o n a l  p r e s s u r e  drop due t o  a r e a  change 
APap = a c c e l e r a t i o n a l  p r e s s u r e  drop due t o  phase  change 
APk = p r e s s u r e  d rop  due t o  c r a c k  p a t h  b e n d s / p r o t r u s i o n s  

3 . 0  NUMERICAL SOLUTION 

A doub l e - i t e r a t i ve -me thod  i n  bo th  t h e  p r e s s u r e  and mass f l u x  i s  
a p p l i e d  t o  Equat ion ( 7 )  t o  de te rmine  b o t h  t h e  p r e s s u r e  and f l ow  
c o n d i t i o n s  a t  t h e  t h r o a t .  An i n i t i a l  g u e s s  of  t h e  mass f l u x  i s  
made, and t h e  two-phase c r i t i c a l  mass f l u x  g iven  by Equat ion (5 )  
i s  used  a s  t h e  c l o s u r e  c o n d i t i o n .  Continuous t e s t i n g  f o r  t h e  
i n i t i a l  guess  which would y i e l d  a r a p i d  convergence i s  be ing  

c o n d u c t e d .  

S i n c e  f l a s h i n g  may n o t  r e a d i l y  occur  f o r  h i g h l y  subcooled c a s e s ,  
numer i ca l  problems may be encounte red  w i t h  t h e  c losu re  c o n d i t i o n  
(i . e . ,  c r i t i c a l  f low e x p r e s s i o n )  g iven  by Equat ion ( 5 )  f o r  low 
g u e s s e s  of t h e  i n i t i a l  mass f l u x ,  s i n c e  t h e  c r ack  p r e s s u r e  d r o p  
w i l l  b e  g r e a t l y  u n d e r p r e d i c t e d  g i v i n g  a z e r o  q u a l i t y .  Equa t ion  
(5)  was t h e r e f o r e  r e - w r i t t e n  a s :  



t o  be u s e d  a s  t h e  c l o s u r e  c o n d i t i o n  i f  t h e  t h r o a t  q u a l i t y  r e m a i n s  
z e r o  w h i l e  s t i l l  i t e r a t i n g  f o r  t h e  c r i t i c a l  mass f l u x .  I f ,  
however,  convergence  h a s  been  o b t a i n e d  i n  t h e  mass f l u x ,  w h i l e  
t h e  t h r o a t  q u a l i t y  r ema ins  z e r o ,  it i m p l i e s  t h a t  f l a s h i n g  d id  n o t  
o c c u r  i n  t h e  c r a c k ,  a n d  t h e  two-phase c r i t i c a l  f l o w  s o l u t i o n  i s  
s i m p l y  r e p l a c e d  w i t h  a  d i s c h a r g e  f l o w  ra te  d e t e r m i n e d  from t h e  
e x p r e s s i o n ,  

where po and  po r e p r e s e n t  t h e  p r e s s u r e  and d e n s i t y  o f  t h e ,  
s t a g n a t i o n  c o n d i t i o n s ,  r e s p e c t i v e l y ,  a n d  pami, r e p r e s e n t s  t he  
ambient  p r e s s u r e .  

3.1 Numerical Procedure 

For  a g i v e n  c r a c k  geometry and f l u i d  s t a g n a t i o n  c o n d i t i o n s :  

1) E s t i m a t e  mass f l u x ,  G .  

2 )  I t e r a t e  on node p r e s s u r e  and thermodynamic p r o p e r t i e s  t o  g e t  
c o n s i s t e n t  converged  v a l u e s .  

3 )  Using f i n a l  t h r o a t  c o n d i t i o n s  from i t e r a t i o n  l o o p  1, e v a l u a t e  
- mass f l u x  Gc from E q u a t i o n  (5)  . If Gc#G ( l Â ± O  t h e n  a d j u s t  G and  

r e p e a t .  <J r e p r e s e n t s  t h e  t o l e r a n c e .  

F o r  c a s e s  where xt=O due t o  a  low g u e s s  o f  t he  mass f l u x ,  t h e  
c r i t i c a l  mass f l u x  i s  c a l c u l a t e d  from E q u a t i o n  ( 1 3 ) .  Upon 
a t t a i n i n g  convergence  i n  t h e  mass f l u x ,  t h e  c r i t i c a l  two-phase 
f l o w  r a t e  would have  been o b t a i n e d  i f  t h e  t h r o a t  q u a l i t y  i s  
g r e a t e r  t h a n  z e r o .  Otherwise ,  t h e  s i n g l e - p h a s e  d i s c h a r g e  f l o w  
r a t e  i s  c a l c u l a t e d  u s i n g  Equat ion  ( 1 4 )  . 
R e l a t i v e  convergence  c r i t e r i a  have been  u s e d  i n  t h e  LEAK-RATE 
code  f o r  b o t h  t he  node o u t l e t  p r e s s u r e  and  mass f l u x .  For  t h e  
p r e s s u r e ,  we have:  



where i r e p r e s e n t s  t h e  i - t h  i t e r a t i o n  and  a i s  t h e  t o l e r a n c e .  
S i m i l a r l y ,  f o r  t h e  mass f l u x  w e  have :  

A t o l e r a n c e  o f  1% was u s e d  f o r  b o t h  t h e  e x i t  p r e s s u r e s  o f  t h e  
n o d e s  and  t h e  d i s c h a r g e  mass f l u x ,  s i n c e  t h i s  was found t o  y i e l d  
c o n v e r g e n t  s o l u t i o n s .  

4 . 0  RESULTS AND DISCUSSION 

4 . 1  Summary of Test Cases 

The p r e d i c t i o n s  of  LEAK-RATE V e r s i o n  1 . 0  have  been  compared 
a g a i n s t  l i m i t e d  e x p e r i m e n t a l  d a t a  f o r  b o t h  a r t i f i c i a l  and  r ea l  
p i p e  cracks a v a i l a b l e  i n  t h e  open l i t e r a t u r e .  Comparisons h a v e  
a l s o  been  made a g a i n s t  e x p e r i m e n t a l  d a t a  f o r  a r t i f i c i a l  
r e c t a n g u l a r  c r a c k s  o b t a i n e d  a t  O n t a r i o  Hydro Resea rch  D i v i s i o n  
(OHRD) [ 2 ] .  Comparisons a r e  made ma in ly  f o r  mass f l o w  r a t e s ,  

b u t ,  where d a t a  a r e  a v a i l a b l e ,  t h e  t h r o a t  p r e s s u r e s  and p r e s s u r e  
p r o f i l e s  have  a l s o  been  compared. The v a r i o u s  d a t a  used  f o r  t h e  
c u r r e n t  v a l i d a t i o n  a r e  summarized i n  Table 1. 

4.1.1 Code-to-Code Comparison: Code-to-code compar isons  were a l s o  
made u s i n g  r e s u l t s  f rom PICEP,  an E l ec t r i c  Power Resea rch  
I n s t i t u t e  ( E P R I )  code [ 8 ] ,  a p p l i e d  t o  OHRD e x p e r i m e n t a l  d a t a  f o r  
a r t i f i c i a l  c r a c k s ,  and  from SQUIRT, an  I n t e r n a t i o n a l  P i p i n g  
I n t e g r i t y  Research  Group ( I P I R G )  code [ 7 ] ,  a p p l i e d  t o  b o t h  E P R I  
P h a s e s  I and I1 e x p e r i m e n t a l  d a t a  f o r  a r t i f i c i a l  and  r e a l  c r a c k s  
[ 1 2 ] ,  r e s p e c t i v e l y .  The comparison o f  LEAK-RATE code  r e s u l t s  
w i t h  t h o s e  o f  SQUIRT and  PICEP codes  h a s  a l s o  been  conduc ted  
u s i n g  Amos and Schrock d a t a  f o r  a r t i f i c i a l  c r a c k s  [ 1 3 ] .  A l l  
t h r e e  codes  y i e l d e d  the  same r a n g e  o f  p r e d i c t i o n  a c c u r a c y  w i t h  
e x p e r i m e n t a l  d a t a .  

I n  a s e p a r a t e  s t u d y ,  t h e s e  e x p e r i m e n t a l  d a t a  were a l s o  u s e d  t o  
compare w i t h  t h e  p r e d i c t i o n s  o f  t h e  homogeneous non-equ i l ib r ium 
model (HNEM) described i n  S e c t i o n  2 .2 ,  and  the  agreement  o b t a i n e d  
w e r e  q u i t e  s i m i l a r  t o  t h o s e  of  LEAK-RATE V e r s i o n  1 . 0 .  A 
s u b s e q u e n t  s t u d y  i s  p l a n n e d  t o  i n c o r p o r a t e  t h e  HNEM c r i t i c a l  mass 
f l u x  e x p r e s s i o n  g i v e n  i n  Equa t ion  ( 1 0 )  a s  a n  a l t e r n a t e  c l o s u r e  



c o n d i t i o n  i n  t h e  LEAK-RATE V e r s i o n  1.0 c o d e .  The s t a g n a t i o n  
p r o p e r t i e s  and g e o m e t r i c a l  p a r a m e t e r s  f o r  e a c h  se t  o f  e x p e r i m e n t  
u s e d  f o r  compar ison  a r e  f u l l y  s t a t e d  i n  T a b l e  1. 

4.2 OHRD Data F21 

A compar ison  of  LEAK-RATE V e r s i o n  1 . 0  p r e d i c t i o n s  w i t h  t h e  l e a k  
r a t e  d a t a  of  F i x t u r e  SS-A1 i s  shown i n  F i g u r e  2 .  The r e s u l t s  
show t h a t  LEAK-RATE V e r s i o n  1.0 p r e d i c t s  t h e  e x p e r i m e n t a l  d a t a  t o  
w i t h i n  Â±25% A compar ison  o f  t h e  r e s u l t  o b t a i n e d  w i t h  t h e  P I C E P  
code  f o r  t h e  same set  o f  d a t a  i s  g i v e n  b y  OHRD [ 2 ]  a s  shown i n  
F i g u r e  3 ,  and t h e  r e s u l t s  y i e l d e d  a  s i m i l a r  agreement  t o  t h e  
LEAK-RATE V e r s i o n  1.0 p r e d i c t i o n s .  

The n o d a l i z a t i o n  p r o c e d u r e  u s e d  i n  t h e  s o l u t i o n  scheme o f  LEAK- 
RATE V e r s i o n  1.0 e n a b l e s  t h e  d e t e r m i n a t i o n  o f  p r e s s u r e  p r o f i l e  
and  s u b s e q u e n t l y  f l a s h i n g  i n  t h e  c r a c k .  A t y p i c a l  p r e s s u r e  
p r o f i l e  h a s  been  compared w i t h  OHRD e x p e r i m e n t a l  d a t a  f o r  F i x t u r e  
SS-A1 i n  F i g u r e  4, and r e a s o n a b l y  good agreement  e x i s t s  between 
t h e  p r e d i c t i o n s  a n d  t h e  e x p e r i m e n t a l  r e s u l t  ( s o l i d  c i r c u l a r  
s y m b o l s ) .  LEAK-RATE V e r s i o n  1.0 a l s o  a c c o u n t s  f o r  s h a r p  e n t r a n c e  
p r e s s u r e  d r o p s .  A s  c o u l d  be s e e n  from F i g u r e  4 ,  t h e  s h a r p  
e n t r a n c e  geometry t e n d s  t o  y i e l d  a  r a t h e r  h i g h  p r e s s u r e  d r o p  
c l o s e  t o  t h e  c r a c k  e n t r a n c e .  

F u r t h e r  compar isons  have  been  made be tween t h e  code p r e d i c t i o n s  
and t h e  e x p e r i m e n t a l  d a t a  f o r  F i x t u r e s  SS-A2 and SS-A3. F i g u r e s  
5 t o  7 show t h e  r e s u l t s  f o r  F i x t u r e  SS-A3 h a v i n g  t h e  same 
geometry a s  F i x t u r e  SS-A1 b u t  w i t h  a  h i g h e r  COD. I n  t h i s  c a s e , ,  
t h e  LEAK-RATE V e r s i o n  1.0 p r e d i c t i o n s  ' a r e  w i t h i n  225% of  t h e  
e x p e r i m e n t a l  d a t a  ( F i g u r e  5 ) ,  and  a  r e a s o n a b l y  good agreement  was 
o b t a i n e d  f o r  t h e  p r e s s u r e  p r o f i l e s  g i v e n  i n  F i g u r e  7 .  Again,  
LEAK-RATE V e r s i o n  1.0 y i e l d e d  s i m i l a r  agreement  w i t h  t h e  PICEP 
code  p r e d i c t i o n s  o f  t h e  same e x p e r i m e n t a l  d a t a  i n  F i g u r e  6 .  

F i g u r e s  8 t o  10 show t h e  r e s u l t s  o b t a i n e d  f o r  t h e  s t r a i g h t  
r e c t a n g u l a r  c r a c k  sample ( F i x t u r e  SS-A2). The r e s u l t s  show t h a t  
t h e  code  p r e d i c t s  t h e  e x p e r i m e n t a l  l e a k  r a t e s  t o  w i t h i n  +50% 
and  -25% ( F i g u r e  8 ) ,  r e p r e s e n t i n g  a  f a i r l y  good agreement .  A 
t y p i c a l  e x p e r i m e n t a l  p r e s s u r e  p r o f i l e  o b t a i n e d  f o r  t h i s  sample 
w a s  a l s o  compared w i t h  t h e  code p r e d i c t i o n s  i n  F i g u r e  10 where 
r e a s o n a b l y  good agreement  was a l s o  o b t a i n e d .  The PICEP code  
p r e d i c t i o n s  of  t h e  same set of  l e a k  r a te  d a t a  have been p r e s e n t e d  
i n  F i g u r e  9 ,  which shows s i m i l a r  agreement  t o  LEAK-RATE V e r s i o n  
1.0 p r e d i c t i o n s .  

4.3 EPRI Data [I21 

LEAK-RATE V e r s i o n  1.0 p r e d i c t i o n s  have a l s o  been compared t o  t h e  
e x p e r i m e n t a l  d a t a  o f  EPRI Phase  I f o r  a r t i f i c i a l  c r a c k s .  T h e  



r e s u l t s  o b t a i n e d  have  been  p r e s e n t e d  i n  F i g u r e s  11 t o  1 4 .  F i g u r e  
11 shows t h e  LEAK-RATE V e r s i o n  1 . 0  code  p r e d i c t i o n s  o f  t h e  
e x p e r i m e n t a l  d a t a  t o  be w i t h i n  +50% a n d  -25% o f  t h e  e x p e r i m e n t a l  
d a t a .  A p p a r e n t l y ,  p l u g g i n g  problems from p a r t i c u l a t e s i n  t h e  
u n f i l t e r e d  w a t e r  s u p p l y  p r o b a b l y  o r i g i n a t i n g  from c a r b o n  s tee l  
s u r f a c e s  o f  the  v e s s e l  u sed ,  were e n c o u n t e r e d  d u r i n g  t h e  
e x p e r i m e n t .  A compar ison  o f  t h e  SQUIRT code  p r e d i c t i o n s  o f  t h e  
same set  o f  e x p e r i m e n t a l  d a t a  y i e l d s  agreement  w i t h i n  +40% and  - 
6 0 %  (see F i g u r e  1 2 ) .  

T h e  measured  e x i t  p r e s s u r e s  o f  t h e  EPRI- P h a s e  I tes t  have  a l s o  
b e e n  compared w i t h  p r e d i c t i o n s  of  LEAK-RATE V e r s i o n  1 . 0  i n  F i g u r e  
13 ,  and  a g r e e s  w i t h  e x p e r i m e n t a l  d a t a  t o  w i t h i n  Â ± 2 5 %  A 
compar i son  of  t h e  code  p r e d i c t i o n  o f  t h e  p r e s s u r e  p r o f i l e  w i t h  
t h e  measured p r e s s u r e s  a l o n g  t h e  c r a c k ,  f o r  s t a g n a t i o n  p r e s s u r e  
o f  3260 kPa, and t e m p e r a t u r e  o f  227.8OC, p r e s e n t e d  i n  F i g u r e  1 4 ,  
y i e l d s  good agreement .  

The code  was a l s o  compared t o  EPRI P h a s e  I1 e x p e r i m e n t a l  rea l  
c r a c k  d a t a  i n  F i g u r e s  15 and 1 6 .  F i g u r e  15 shows t h e  compar i son  
of  LEAK-RATE V e r s i o n  1 . 0  code  p r e d i c t i o n s  w i t h  t h e  measured l e a k  
r a tes  w i t h  t h e  r e s u l t s  p r e d i c t e d  t o  w i t h i n  225%.  I n  a  code-to-  
c o d e  compar ison  w i t h  t h e  SQUIRT code p r e d i c t i o n s  of  t h e  same 
e x p e r i m e n t a l  d a t a ,  a p p r o x i m a t e l y  t h e  same r a n g e  o f  agreement  was 
o b t a i n e d ,  s i n c e  t h e  SQUIRT code  p r e d i c t i o n s  were w i t h i n  230% 
( F i g u r e  1 6 )  . 

4 . 4  Amos and Schrock Data [I31 

LEAK-RATE V e r s i o n  1 . 0  code p r e d i c t i o n s  o f  Amos and Schrock  
e x p e r i m e n t a l  d a t a  f o r  smooth r e c t a n g u l a r  c r a c k s  are  p r e s e n t e d  i n  
F i g u r e s  17 and 18 ,  and  shows agreement  t o  w i t h i n  2 2 5 % .  F i g u r e  1 9  
shows a  comparison of  t h e  SQUIRT code  p r e d i c t i o n s  w i t h  t h e  
e x p e r i m e n t a l  d a t a  f o r  c r a c k s  w i t h  C O D s  r a n g i n g  from 0 .127 nun  t o  
0 . 3 8 1  mrn, which a l s o  i n c l u d e s  t h e  set  o f  d a t a  u s e d  t o  v a l i d a t e  
LEAK-RATE Vers ion  1 . 0 .  The SQUIRT code  i s  s e e n  t o  p r e d i c t  the 
d a t a  t o  w i t h i n  0  t o  -70%, r e p r e s e n t i n g  a p o o r e r  agreement  t h a n  
t h e  LEAK-RATE p r e d i c t i o n s .  T h e  p r e d i c t i o n s  of  LEAK-RATE V e r s i o n  
1.0 f o r  e x i t  p r e s s u r e s  o f  t h e  sample w i t h  a  COD o f  0 . 3 8 1  mrn i s  
s e e n  t o  be better t h a n  Â±25  ( F i g u r e  2 0 ) .  

4.5 Sources of Discrepancies 

T h e  d i s c r e p a n c i e s  between t h e  code p r e d i c t i o n s  and  e x p e r i m e n t a l  
da ta  may be due t o  the f o l l o w i n g  f a c t o r s ;  

( a )  R e a l  c r a c k  s h a p e s  are u s u a l l y  n o t  w e l l  d e f i n e d .  V a r i o u s  
g e o m e t r i c a l  s h a p e s  s u c h  a s  r e c t a n g u l a r ,  e l l i p t i c a l ,  p a r a b o l i c  o r  
diamond c o u l d  be assumed f o r  the  c r a c k s .  The c r a c k  o p e n i n g  a r e a  
may d i f f e r  b y  a s  much a s  a  f a c t o r  o f  two depend ing  on whe the r  a  



r e c t a n g u l a r  o r  a  diamond s h a p e  i s  assumed f o r  t h e  c a l c u l a t i o n s .  

(b)  Few e x p e r i m e n t e r s  r e p o r t i n g  l e a k  r a t e s  t h r o u g h  c r a c k s  f a i l  t o  
p r o v i d e  t h e  c h a r a c t e r i s t i c s  of  t h e  i n l e t  geometry .  Amos a n d  
Schrock  [13] have o b s e r v e d  t h a t  l e a k  r a t e s  t h r o u g h  rounded 
e n t r a n c e s  t e n d  t o  be h i g h e r  t h a n  t h o s e  of s h a r p  e n t r a n c e s .  The 
i n l e t  geometry c h a r a c t e r i s t i c s  are a l s o  p r i m a r y  f a c t o r s  i n  t h e  
p r e s s u r e  p r o f i l e  d e t e r m i n a t i o n .  

(c )  The c r a c k  s u r f a c e  roughness ,  bends  and  p r o t r u s i o n s  are 
p r i m a r y  f a c t o r s  i n  l e a k  r a t e  d e t e r m i n a t i o n .  T h e i r  d i m e n s i o n s  may 
be comparable  t o  t h e  c r a c k  open ing  d i s p l a c e m e n t  t h e r e b y  
i n c r e a s i n g  t h e  e f f e c t i v e  c rack- f low p a t h .  The r e s u l t  o f  t h i s  i s  
an  a d d i t i o n a l  p r e s s u r e  d r o p .  

( d )  The f r i c t i o n  f a c t o r  c o r r e l a t i o n s  p r e s e n t l y  used  were 
o r i g i n a l l y  d e v e l o p e d  f o r  c i r c u l a r  g e o m e t r i e s .  These are  assumed 
t o  be a p p l i c a b l e  t o  c r a c k s  i f  t h e  p i p e  diameter' i s  r e p l a c e d  w i t h  
t h e  h y d r a u l i c  d i a m e t e r  o f  t h e  c r a c k .  Whi le  t h e  v e l o c i t y  p r o f i l e s  
and  f r i c t i o n a l  r e s i s t a n c e s  are w e l l  u n d e r s t o o d  f o r  p i p e s ,  t i g h t  
c r a c k s  which have  w i d e l y  d i f f e r e n t  c r o s s - s e c t i o n a l  s h a p e  from 
t h a t  o f  a  c i r c l e ,  may y i e l d  s e c o n d a r y  f l o w s  and  i n v a l i d a t e  t h e  
h y d r a u l i c  d i a m e t e r  c o n c e p t .  

(e)  P a r t i c u l a t e  p l u g g i n g  o f  t h e  c r a c k  p a t h  c o u l d  r e d u c e  t'he l e a k  
r a t e s  measured and  l e a d  t o  d i s c r e p a n c i e s  i n  t h e  code compar i sons ,  
a f f e c t i n g  t h e  l eak -be fo re -b reak  a n a l y s i s .  

( f )  Two-phase f low p a t t e r n s ,  p r e s e n t l y  n o t  w e l l  u n d e r s t o o d  f o r  
c r a c k s ,  may a l s o  be i m p o r t a n t  i n  m o d e l l i n g  c r a c k s ,  s i n c e  some o f  
t h e  p a r a m e t e r s  u s e d  i n  t h e  c a l c u l a t i o n  o f  p r e s s u r e  d r o p  a r e  f l o w  
p a t t e r n  d e p e n d e n t .  

5 . 0  CONCLUSION 

The LEAK-RATE V e r s i o n  1 . 0  code h a s  been  deve loped  b a s e d  on t h e  
homogeneous f r o z e n  model (HFM) t o  p r e d i c t  l e a k a g e s  t h r o u g h  c r a c k s  
a t  e l e v a t e d  t e m p e r a t u r e  and  p r e s s u r e  c o n d i t i o n s  f o r  v a r i o u s  c r a c k  
o p e n i n g s .  The code  p r e d i c t i o n s  have  been  compared t o  t h e  leak 
r a t e  measurements per formed a t  t h e  O n t a r i o  Hydro Resea rch  
D i v i s i o n  (OHRD) a n d  o t h e r  l e a k  r a t e  d a t a  found i n  t h e  open 
l i t e r a t u r e .  The f o l l o w i n g  c o n c l u s i o n s  have  been r e a c h e d  from t h e  
r e s u l t s  of  t h e  p r e s e n t  i n v e s t i g a t i o n :  

1. The code  p r e d i c t e d  t h e  e x p e r i m e n t a l  l e a k  r a t e  and e x i t  
p r e s s u r e  d a t a  t o  w i t h i n  Â±25% which r e p r e s e n t s  a  r e a s o n a b l y  good 
agreement  f o r  l e a k  r a t e  p r e d i c t i o n s .  

2 .  The OHRD e x p e r i m e n t a l  p r e s s u r e  p r o f i l e s  were w e l l  p r e d i c t e d  by  
the  code f o r  t h e  case where the e n t r a n c e  geometry was assumed t o  
be s h a r p .  



3. Since both rounded and sharp entrance geometries yield 
significantly different pressure profiles depending on the 
discharge coefficient used, crack entrance geometries need to be 
accurately specified to enable the prediction of pressure 
profiles in the cracks. 

4. The code also predicts flashing locations, which are 
determined from the pressure profiles within the cracks. 

5. The code predictions of the experimental leak rate results 
yielded similar agreement with the predictions of the PICEP and 
SQUIRT codes. 
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Figure 1 
Schematic Diagram of a Through-Wall Pipe Crack 



OHRD Experimental Leak Rates (kg/s) 

Figure 2 
LEAK-RATE Version 1.0 Prediction of OHRD 

Leak Rate Data for Fixture SS-A1 
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Figure 3 
PICEP Code Prediction of OHRD Leak Rate 

Data for Fixture SS-A1 [Z] 
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Figure 4 
LEAK-RATE Version 1.0 Prediction of OHRD 

Pressure Profile for Fixture SS-A1 
(po=61 48 kPa, To=247Â¡C 
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Figure 5 
LEAK-RATE Version 1.0 Prediction of OHRD 

Leak Rate Data for Fixture SS-A3 
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Figure 6 
PICEP Code Prediction of OHRD Leak Rate 

Data for Fixture SS-A3 [2] 

EXPERIMENT 

Crack Depth (mm) 

Figure 7 
LEAK-RATE Version 1 -0 Prediction of OHRD 

pressure' Profile for Fixture SS-A3 
(po=51 45 kPa, To=251 O C )  



Measured Leak Rates (kgs) 

Figure 8 
LEAK-RATE Version I .O Prediction of OHRD 

Leak Rate Data for Fixture SS-A2 

Figure 9 
PICEP Code Prediction of OHRD Leak Rate 

Data for Fixture SS,-A2 [2] 

Crack Depth (rnm) 

Figure 10 
LEAK-RATE Version 1 .O Prediction of OHRD 

Pressure Profile for Fixture SS-A2 
(p0=4009 kPa, To= 168OC) 



Measured Leak Rates (kgls) 

Figure 11 
LEAK-RATE Version 1.0 Prediction of EPRI Phase I 

Leak Rate Data 

M c a s d  Flow Rate &us) x lo-' 

Figure 12 
SQUIRT Code Prediction of EPRI Phase I 

Leak Rate Data Vl 



Measured Exit Pressurns (MPa) 

Figure 1 3 
LEAK-RATE Version 1.0 Prediction of EPRI Phase I 

Exit Pressure Data 

LEAK-RATE 1 .O 
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Crack Depth (mm) 

Figure 14 
LEAK-RATE Version 1.0 Prediction of EPRI Phase I 

Pressure Profile for Run #I 1 
(p0=3260 kPa, TO=227.8OC) 
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Figure 15 
LEAK-RATE Version 1.0 Prediction of EPRI Phase I1 

Leak Rate Data for COD of 0.108 rnrn 

Figure 16 
SQUIRT Code Prediction of EPRI Phase I1 
Leak Rate Data for COD of 0- 1 08 mm [7'j 



Measured Leak Rates (kgls) 

Figure 17 
LEAK-RATE Version 1.0 Prediction of Amos and 
Schrock Leak Rate Data for COD of 0.381 rnm 

Measured Leak Rates (kus) 

Fgure 18 
LEAK-RATE Version 1 .O Prediction of Amos and 
Schrock Leak Rate Data for COD of 0.254 mm 
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Figure 19 
SQUIRT Code Prediction of Amos and Schrock 

Leak Rate Data for COD of 0.127 mm to 0.381 mm [7] 

Measured Exit Pressures (kPa) 

Figure 20 
LEAK-RATE Version 1.0 Prediction of Amos and 

Schrock Exit Pressure Data for COD of 0.381 mrn 




