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Section |

INTRODUCTION

This report summarizes the results of a leak-before-break evaluation of the
isolation condenser system (ICS) steam supply and condensate return piping
outside of the drywell at Oyster Creek Nuclear Generating Station. The
purpose of the evaluation 15 to show that the likelihood of a double-ended
guillotine type pipe break in this system is very small. Consequently, the
dynami:. effects of such a break need not be considered in the licensing
basis for this system. Consideration of such effects would otherwise be
required by General Design Criterion 4 of Title 10, Code of Federal
Regulations, Part 50

The methodology used to evaluate the potential of the ICS piping to fail
unstably in the presence of large through-wall flaws 1s outlined in the
draft version of Standard Review Plan (SRP) Section 3.6.3 (Reference ))
The approach consists of determining postulated through-wall flaw sizes
which result in leak rates substantially greater than the existing leak
detection capability and evaluating the capability of the piping to
accommodate these flaws without catastrophic rupture under severe loids
(pressure, deadweight, and operating thermal loads in combination with the
maximum calculated loads for the design safe shutdown earthquake). The
specific steps in the evaluation and the recommended acceptance criteria
given in SRP 3.6.3 (Draft) are as follows:

. Demonstrate that the piping system is not susceptible to failure
mechanisms such as waterhammer, fatigue, intergranular stress
corrosion cracking (1GSCC), wall thinning, or creep.
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Section 2

SUMMARY AND CONCLUSTONS

Analyses have been performed to determine {f large through-wall flaws which
would leak at & rate well beyond the 1imit of existing detection capability
can be accommodated in the Oyster Creek ICS piping without unstable tearing
or plastic section collapse. Specifically, evaluations have been performed
to determine the leak detection capability for this piping at Oyster Creek,
to establish postulated circumferential through-wall flaw sizes which can
be readily detected by these systems, and to determine whether such
postulaied flaws can result in an unstable double-ended pipe rupture. The
analyses were performed for postulated crecks in each of the four piping
systems which make up the ICS piping: steam supply to condenser A, steam
supply to condenser B, condensate return from condenser A and condensate
return from condenser B,

The analyses of the ICS piping meet all of the SRP 3.6.2 (Draft) analysis
criteria with one exception., SKP 3.6.3 (Draft) recommends a safety margin
of two in terms of critical crack size. This margin is intended to account
for uncertainties in the fracture mechanics analysis methodology and leak
detection capahility (Reference 21). Although the margins on crack size
for the ICS piping are greiter than two in most locations, in a few cases
the margin is as low as 1.75. As described in this report, a factor of 10
has already been applied on the calculated leak rate over the leak
detection capability to account for the leak detection and leak calculation
uncertainty. Furthe, in all cases examined, the critical crack size 1s
Timited by plastic collapse rather than unstable tearing, Plastic collapse
can be predicted relatively precisely compared to unstable tearing failu .
Thus, the recommended margin of two is very conservative for the I(S
piping. Considering the basis for the recommended margin ¢f two, the
calculated margins are cons.dered to provide adequate safety margin against
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fatlure. More detailed summaries of the evaluations performed for the IL.S
piping are provided below.

2.1 Applicability of Analysis Method

The SRP 3.6.3 guidelines do not provide for a leak-before-break evaluation
on a system where piping is subject to significant environmental
degradation mechanisms such as intergranular stress corrosfon cracking
(1GSCC), creep or erosion/corrosion wall thinning. The methodology 1s also
considered to be inappropriate for piping subject to high fatigue usage or
waterhammer type loads. fach of these concerns was addressed in this
evalustion.

1GSCC - The ICS piping outside the drywel]l has been recently replaced
with Type 316NG material which is more resistant to 1GSCC in BWR
reactor conlant environments than traditional stainless steels.
Further, the isolation valves (which 1ie outside the drywell) have
also been replaced with valves with bodies fabricated from low carbon
cast stainless steel with controlled ferrite content, By the criteria
of MUREG 0313, Rev 2 (Reference 2), the 1CS piping and valves are made
from IGSCC "resistant” materials.

Pipe-to-pipe welds have been made with controlled weld metal chemistry
and ferrite content, as well as controlled joint geometry and heat
input to reduce residual stress and heat affected zone sensitization
to IGSCC., Welds between the new pipe and the existing isolation
condenser nozzles (which are non-resistant, high carbon stainless
stee)l) have been made with the nozzle side prutected by specia'ly
applied corrosion resistant cladding.

It is planned to apply a stress improvement tregiment (induction
heating or mechanical stress improvement) to all appropriate ICS weld
joints outside the drywell during the next refueling outage in order
to add a second IGSCC mitigator to those weld joints. Al pipe-to-
pipe welds will have at least two corrosion mitigators: low carbon






drains, 1(S waterhammer has not been observed at Nine Mile Point
Unit 1.

Oyster Creek has never reported an 1CS waterhammer event, Post SCRAM
water level control in the vessel has been adequate and the steam
supply l1ines are well drained. The newly installed pipe maintains the
good steam supply drain features of the original piping. GPUN has
also implemented operating procedures which preclude operating the
fs0lation condenser system when the reactor vessel level 15 in a range
which could lead to a waterhammer event. Based on the good history at
Oyster Creek, 1CS waterhammer is not expected to be of concern

Creep and Wall Thinning - Neither of these degradation mechanisms are
considered to be possible in & relatively low temperature (550°F), low
flow velocity system fabricated from stainless steel,

Based on the above considerations, 1t 1s concluded that the leak-before
break analysis methodalogy is applicable to the Oyster Creek ICS in
accurdance with the guidelines of SRP 3.6.3 (Draft).

2.2 Lleak Detection Capabiliry

The primary methods for detecting leakage from the I1CS piping outside the
drywell are visual inspections of the piping conducte . <t least daily and
daily reactor building sump inleakage reports which, by administrative
limits, require investigation of inleakage to the sump exceeding 260
gallons per day. Secondary methods for detecting leaks include area
temperature alarms in the vicinity of the steam supply and condensate
return isolation valves, and reactor building air particulate radiation
monitors,

Based on an evaluation of these leak detection methods, it is concluded
that daily inspections of the system, all of which is accessible, combired
with daily sump inleakage reports, support a leak detection sensitivity for
the isolation condenser piping of 0.2 gallons per minute (gpm).
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in accordance with the intent of SRP 3.6.3 (Draft), since: (1) the
components which are criticai to this evaluation are the steam line
isolation valves, all of which lie outside the drywell and would not be
subject to jet loads resulting from breaks inside the drywell; and (2) the
portion of piping outside the drywell is mechanically isolated from pipe
reaction loads resulting from a postulated break inside the drywell. The
isolation 1s due to the high stiffness of the drywell penetration which
acts like an anchor point,

The applied loads on the 1CS piping due to deadweight, thermal expansion
and SSE were obtained from the ANSI/ASME B31.] design stress analyses for
the ICS piping (References 6 to 9). The locations selected for fracture
mechanics analyses are the highest loaded points in each system for each
pipe size, or a total of 20 locations. In general, these Tocations
correspono to terminal ends of the piping, such as a condenser nozzle or
drywel] penetration, or change in pipe cross section, such as from schedule
100 to 80. These locations are identified in Figures €.1 to 6.4,

The replacement 1CS piping is Type 316NG stainless steel. The pertinent
tearing modulus selected for fracture mechanics analyses 1s based on
conservative data obtained for stainless steel casting mal:rial at
operating temperature (550'). This value is 18].

The results of tearing stability analyses are shown in Table 2.2, Tnis
table 11sts the calculated applied tearing modulus, T, for each fracture
mechanics analysis location. Unstable crack growth (tearing) is predicted
if the calculated value of the applied tearing modulus is greater than the
material tearing modulus, T,.. As can be seen, the calculated applied
tearing modulus for each location is less than T,,. No unstable tearing

is predicted for the assumed through wall flaws under normal operating plus
earthquake loads.

The calculatea safety factors on applied load are shown in Table 2 3. The
safety factors are al) greater than ]1.41 and therefore satisfy the criteria
recommended in SRP 3.6.3 (Draft).
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Table 2.2

CALCULATED APPLIED TEARING MODULUS RESULTS

Applied
Location Tearing
aystem (Node) Pipe Size Modulus*
— e ——————a e v as—
A - Condensate DOAN 8" Schedule 80 1.8
DO3A 8" Schedule 100 2.3
BO8 10" Schedule 80 0.7
| w1 | 10" schedwle 100 | 0.7 |
A - Steam BO9 10" Schedule B8O 2.8
801 10" Schedule 100 3.5
D12 12" Schedule 80 3.6
D10A 12" Schedule 100 4.4
B19 16" Schedule 80 0.4
- e BAL 1 167 Schedule 100 1 0.5
B - Condensate (28 8" Schedule 80 8.9
(26A 8" Schedule 100 11.9
o5 10" Schedule 80 0.8
B20 10" Schedule 100 1.4
B - am B09 10" Schedule 80 5.9
BO1 10" Schedule 100 4.6
017 12" Schedule 80 4.7
D04 12" Schedule 100 5.1
B1SN 16" Schedule 80 0.9
Bl13 16" Schedule 100 1.2

To be compared with T = 18],

29



Table 2.3
SAFETY FACTORS

oy

Safety Sefety
Location Factor on | Factor on

System (Node ) Pipe Size Applied Crack
Load Length

L N, SIS —— — et ——
A - Condensate DO4N 8" Schedule 80 3.83 2.56
DO3A 8" Schedule 100 3.54 2.26
B08 10" Schedule 80 5.0 3.20

— B BO1 | 10" Schedule 100 .12 | 2.86
A - Steam BO9 10" Schedule 80 3.23 ¢.07
801 10" Schedule 100 2.90 1.82
D12 12" Schedule 80 3.10 2.24
D10A 12" Schedule 100 3.1 2.02
819 16" Schedule 80 6.53 3.16

1 BI1 ] 16" Schedule 100 .96 | 2.7

B - Condensate (28 8" Schedule 80 2.32 2.10
(26A 8" Schedule 100 2.28 1.91
Cos 10" Schedule 80 4.9] 3.17

1. B20 10" Schedule 100 4.03 2.68 word
B« Steam BO9 10" Schedule 80 2.4 1.87
BO! Schedule 100 2.57 1.75
D17 12" Schedule 80 2.92 2.19
D04 12" Schedule 100 2.93 1.98
i BISN | 16" Schedule 80 4.69 2.91
| B13 16" Schedule 100 4.30 2. 54
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Calculated Leakage Raies - 12" Piping
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Calculated Leakage Rates - 16" Piping
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Section 4

LEAK DETECTION CAPABILITY

Several methods are available for detecting leaks in the ICS piping outside
containment at Oyster Creek. These include (1) visual inspection during
system walkdowns, (2) reactor building sump monitoring, (3) area temperature
monitors, (4) area radiation monitors, and (5) building ventilation radiation
monitoring. Taken together, these methods provide a high degree of assurance
that significant leaks (more than a tenth of a gallon per minute) would be
quickly detected, and action could be taken before potentially unstable flaws
could develop in the piping.

Since the ICS piping is generally accessible, it is possible to walk the
system down to observe possible leakage. According to studies performed by
Wyle Laboratories (Reference 10), visual observations are capable of detecting
small Teaks. Leaks as small as 0.] gpm we'e seen in the Wyle tests, even with
insulated pipe. Currently, operators perform system walkdowns of the ICS
piping 2. least once each day.

Leakage from the ICS piping would condense and would eventually flow into the
floor drains. The reactor building floor drains dischirge into a single sump
(sump #1-7). A daily sump inleakage report is kept by the operators. This is
a log of the volume of water (in gallons) pumped out of the reactor building
and other sumps each day. A review of this log for January through May 1990
indicates that the total flow each day is usually less than 250 gallons. A
plot of the sump inleakage data for January to May 1990 is shown in

Figure 4-1. From this figure it can be seen that over a typical two day
period less than about five hundred gallons are pumped out of the reactor
building sump. The pump only actuates when a certain sump level is reached,
so it does not necessarily actuate each day. When it does actuate, it
typically pumps 400-450 gallons each time. Typically, the pump actuates every
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two or three days. The daily log alarm set point is 260 gallons per day,
which, if exceeded, requires the operators to identify and document the source
of leakage. For example, a copy of the report for May 20, 1990 is shown in
Figure 4-2. This report shows that the hign inleakage for that day, 5,335
gallons, was due to the draining of a water filled line for maintenance.

Based on a review of the inieakage report data, it can be concluded that a
leak from the ICS piping exceeding 0.18 gallons per minute (2€0 gallons per
day) would require a daily special leakage evaluation based on the
reguivements of the daily inleakage report. Such a leak (0.18 gpm) in the ICS
could not go undetected fo- many days, since all of the isolation condenser
piping is accessible for visual inspection.

In addition to the inleakeage report, the reactor building sump has a leve)
switch with a high level setpoint which alarms in the main control room. If a
reactor cooiant leak were present in the reactor building which exceeded the
sump pump capacity, the sump level would increase and an alarm would occur,
indicating to the operators that a problem might exist and appropriate action
should be taken.

An area temperature monitor (ATM) is installed near the EC system isolation
valves outside containment. This monitor, which has a setpoint of 160°F is
capable of detecting leakage in the piping which lies immediately outside
containment. Procedure 2000-RAP-3024.0] requires the operators to investigate
an ATM alarm and take appropriate actions, including system isolation.

A radiation monitor is included on the reactor building ventilation exhaust,
with an alarm setpoint at 13 mR/hr. 1f a leak developed which contributed to
the airborne radiation level in the building atmosphere, this monitor would be
able to detect it and the appropriate operator actions could be taken in
accordance with procedure EMG-3200.11.

In summary, several redundant methods are available for detecting leakage in
the reactor building from the ICS and that operating procedures are in place
to address this leakage if it is discovered. Based on sump monitoring and
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system walkdowns,

ICS piping of 0.2

there are bases to support a detectable leak rate from the
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Section §

LEAK RATE MODEL ING

The correlation between pipe through-wall crack size and leak rate was
calculated using CIRFLO, a specialized computer code developed by MPR
specifically for this purpose. The computer model assumes that the pressure
loss through the crack can be described by a typical fL/D loss mechanism.
Choking (critical flow) is evaluated using a homogeneous choking model which
depends on local stagnation pressure and stagnation enthalpy at the choke
point. Conserv..ive, i.e., lower bound, estimates of flow through tight
cracks were obtained by using a friction factor based on a relative roughness
of 0.1. The crack opening flow area as a function of internal pressure was
determined from formulae given in Referencc 11. CIRFLO results compare
favorably to measured flows through small slits reported in Reference 12 and
the LEAKS 01 model developed for EPRI in Reference 13. A more detailed
description of CIRFLO, including its technical basis and results of
comparisons to test data, is proviced in Appendix A.

The ICS steam supply piping normally rontains saturated steam at essentially
reactor vessel conditions of 1035 psia, 549°F. The conditions of the fluid in
the ICS condensate return piping vary along the length of the pipe from
saturated 1iquid at reactor vessel condivions to subcooled liquid at reactor
vessel pressure. For the purpose of calculating leak rates from postulated
throug..-wall cracks, the steam subply and condensate return piping were
assumed to contain saturated steam and saturated liquid at normal reactor
vessel conditions. This approach, which could underpredict the leakage flow
if the steam supply piping contains water or the condensate return piping is
subcooled, is conservative for leak-before-break types of analyses.

The steam supply piping contains six different cross seciion geometries: 10"
diameter schedules 80 and 100, 12" diameter schedules 80 and 100, and 16"

5-1
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Calculated Leakage Rates - 12" Piping
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mechanics evaluations are required to be performed at the locations of
highest loading in the ICS piping, These locations were determined by
calculating the equivalent moment at each node point in the finite element
models of the piping and selecting the highest loaded node for each pipe
size in each of the four piping runs (condenser A steam supply and
condensate return and condenser B steam supply and condensate return). The
method used to determine the equivalent moments is described in detail in
Appendix C and is summarized below.

B The loads calculated by AUTOPIPE at each node point are forces and
moments about three axes. The forces and moments at each node point
for the deadweight plus thermal plus SSE load combination were
combined using square-root-sum-of-squares (SRSS) to determine the
maximum force and moment. The calculations in References 6 to 9
provide two sets of results for this load combination: deadweight plus
thermal plus SSE and deadweight plus thermal minus SSE. The
combination wh.ch yields the highest equivalent moment is used,

. The SRSS force is divided by the cross sectional area to calculate an
axial stress. The SRSS moment, pipe radius and area moment of inertia
are used to calculate a bending stress.

. The axial stress and bending stress from the AUTOPIPE results are
summed along with the axial internal pressure stress to Jetermine a
total equivalent stress at each node point.

. The equivalent moment used in fracture mechanics evaluations is
calculated as the bending moment which would result in *ie total
equivalent stress if only bending stresses were present.

. The location of highest equivalent moment for each pipe size for each
piping system are selected as postulated crack locations.

The points of highest equivalent stress in each system along with the
equivalent stresses and moments are shown in Table 6.1. The locations of

6-3
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inertia, 1, and radius, R, of the pipe. The ratio, L/R, of the equivalent
cantilevered pipe is used to report system compliances (inverse of
stiffness) in this analysis,

For the widely applicable case where the crack growt and hinge angle are
controlled by the J-integral, the expression on the left of the stability
equation can be evaluated in terms of the partial derivatives of the J
integral, J, and hinge angle, ¢, with respect to crack size, a, and applied
moment, M, and a material property called the tearing modulus which is
defined as:
oL £ W
o da

14

Tuar 15 determined directly from the slope of J vs Aa obtained from test

data for the material of interest. In terms of these parameters, the
stability criterion becomes (as shown in Reference 14).

-t aJ
ca | M M

e . a¢; -1

als oMmlal |’

where C  is the system compliance. The expression on the right side of the
inequality is commonly referred to as he applied tearino modulus.

Since the expressions on the right side of the above inequality are all
functions of the ratio M/Mo, actual margins to tearing instability can be
directly calculated in terms of applied moment and assumed crack size. The
application of this stability criterion to cracked pipes is described in
Appendix D.

6.3 Material Properties

The ICS pipe material is Type 316NG stainless steel. For this analysis,
lower bound tensile properties for Type 304 stainless steel, which is
similar to 316NG, were used. Llarge strain stress-strain data for Type 304
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stainless steel at elevated temperatures are available in Reference 16.

The material strain hardening exponent and coefficient for a Ramberg-Csgood
power law strain hardening model, a and n, were determined from these data.
The data base used to define 1, was obtained from cast stainless steel
material test data at 550°'F reported in Reference 17. Cast material, which
is similar to stainless steel weld metal, has lower crack initiation and
growth resistance than the pipe base material, thus providing a
conservative lower bound estimate for T,,. Appendix [ describes in
greater detail the determination of material properties,.

The material property values used in the fracture mechanics analyses are
presented in Table 6.2. The tensile properties are based upon ASME Code
minimum values except for yield strength, where the value taken is that of
the material in Reference 16 whose strain hardening behavior was
quantified. The flow stress used in limit load analyses was chosen as
three times the material design stress intensity value from the ASME Code
as recommended in Reference 18,

6.4 System Compl:iance

The methodology developed above to evaluate the stability of postulated
pipe cracks requires knowledge of the piping system compliance at each
postulated cracked section. The compliance is a measure of how much load
is picked up by the piping system as the cracked section sheds moment. In
a very compliant system, as the crack grows, the system picks up very
little of the moment on the cracked section, so the load on the section
changes very little. In a very noncompliant system, the system can pick up
a large portion of tne moment, so as the crack grows, the load on the
cracked section reduces.

The compliance of the piping system at the postulated crack locations was
determined using the AUTOPIPE finite element models of the piping
arrangement. For each postulated crack location, a node (s added to the
system model coincident with the node at the postulated crack location.
The translational degrees of freedom of the two nodes were coupled but the
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rotational degrees of freedom were uncoupled. Equal and opposite moments
were applied on each of the coincident nodes and the resulting rotations
determined. This procedure represents the insertion of a ball and socket
joint into the model at the postulated crack location. A second analysis
was also performed, applying the moments about an axis perpendicular to the
first moment to obtain the compliance about two axes. The maximum
(conservative) compliance about any axis was obtained using these
compliances and a Mohr's Circle approach as recommended in Reference 15,
The calculated system compliances for each postulated crack location are
shown in Table 6.3 and range from L/R = 38 to 151. Typically, L/R values
Tess than 100 describe a piping system which is fairly rigid; L/R valves
over about 150-200 describe a fairly flexible system. Since local
counterboring of the pipe wall (for fit-up) would not significantly affect
the overall stiffness of the piping system, all compliance calculations
used the actual pipe minimum wall thicknesses (i.e., schedule 100
thicknesses were used for schedule 100 piping). Compliance calculations
for the ICS piping are described in more detail in Appendix F.

6.5 Fracture Mechanics Results

Tearing stability calculalions were performed to demonstrate sufficient
margin against unstable growth or tearing of the postulated cracks under
the applied loads. Calculations were carried out using the piping system
compliance at the postulated crack locations. The results of these
analyses, shown in Table 6.4, show that all postulated crack, are stable
under the applied load. A1l calculated values of the applied tearing
modulus are less than T, . The tearing modulus calculations are described
in detail in Appendix G.

As recommended by SRP 3.6.3 (Draft), safety margins in terms of crack size
and applied 1nad were determined for each postulated crack location. The
safety margin in terms of crack size is the ratio of the crack size
corresponding to failure for the applied load to the postulated crack size
and is recommended to be at least 2.0. The margin in terms of load is the
ratio of the load corresponding to failure for the postuiated crack length
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i
Table 6.3
. CALCULATED SYSTEM COMPLIANCE
l ——
' Location
System (Node) Pipe Size L/R
NPT, BN, JENTIERETIETRSRITIIR, HIES——
' A - Condensate DO&N 8" Schedule 80 127
DO3A 8" Schedule 100 146
' HOB 10" Schedule 80 127
. eSO 410" Schedule 100 | 73 |
A - Steam B0O9 10" Schedule 80 38
' B0} 10" Schedule 100 4
D12 12" Schedule 80 88
l D10A 12" Schedule 100 151
B19 16" Schedule 80 135
l Bl] 16" Schedule 100 | 133 |
' B - Condensate (28 8" Schedule 80 65
C26A 8" Schedule 100 150
' Co8 10° Schedule 80 66
- | B20 10" Schedule 100 | 65
' B - Steam BOY 10" Schedule B0 39
801 10" Schedule 100 4]
' D17 12" Schedule 80 124 '
' Do< 12" Schedule 100 104
315N 16" Schedule 80 104
' Bl3 16" Schedule 100 127
6-11




Table 6.4
' CALCULATED APPLIED TEARING MODULUS RESULTS
. |
Applied
Location Tearing
. System (Node) Pipe Size Modulus*
e G A el .-.,J,__._ S e NI U SH———————
' A - Cordensate DOAN 8" Schedule 80 1.8
DO3A 8" Schedule 100 2.3
' BOB 10" Schedule 80 0.7
e 800 110" Schedule 100 } 0.7 |
' A - Steam BO9 10" Schedule 80 2.8
' B0 10" Schedule 100 3.8
D12 12" Schedule 80 3.6
' 010A 12" Schedule 100 44
B9 16" Schedule 80 0.4
. Bll 16" Schedule 100 0.5
e E— - e —— g s et et e e e 1 ettt e e
B - Condensate ces 8" Schedule 80 8.9
' C26A 8" Schedule 100 11.9
' cos 10" Schedule 80 0.8
N B20 10" Schedule 100 L 1.4
p— ——— R e —
. B - Steam B0Y 10" Schedule 80 5.9
B0l 10" Schedule 100 4.6
' 017 12" Schedule 80 4.7
' D04 12" Schedule 100 §.!
B1SN 16" Schedule 80 J.9
. B13 16" Schecdule 100 1.2
. * To be compared to the limiting tearing modulus. Ty = 181,
. 6-12




Table 6.5

SAFETY FACTORS

—_——

System

A Condensate

A Steam

B Condenscte

B - Steam

S -

e et e, A el AR . b . - 3l

Location
(Node)

DOAN
DO3A

B20
809

BO)
D17
004
B15N
813

J0__Schedule 100

p--——-

Pipe Size

8" Schedule 80
8" Schedule 100
10" Schedule 80

10" Schedule 80
10" Schedule 100
12" Schedule 80
12" Schedule 100
16" Schedule 80

16" Schedule 100

V8“ Schedule 80
8" Schedule 100
10" Schedule 80
10" Schedule 100

~—

- 4

Safety
Factor on
Applied
Load

3.83
.54
05

12
23

“ Ot W W

~3

.90
3.10
3.1

10" Schedule 80
10" Schedule 100
12" Schedule 80
12" Schedule 100
16" Schedule 80
16" Schedule 100

Safety
Factor on
Crack
Length

2,56
2.26
3.20
2,86
2.07
.82
2.24
2.02
3.16
2.78

S AP S—

2.10
1.9]
.17
2.68

SRR ———

1.87
1.7%
.19
1.98
2.91
2.54
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e posy e
CALCULATION NO. | PREPARED BY CHECKE |
CIRFLO CALOIRLATION OF FLOW THROUGH CIRCUMFERENTIAL PIPE CRACKS
VERSIOK 2.0
TODAY'S DATE: 10/05/90
CIRFLO TESY NATA COMPARISON - ROUGHNESS=0 1
MMBER OF CRACKS EACH CASE -~ - 15
WMBER OF ELEMENTS [N CRACK -~ 15
CRACK FLOW (D) OR LENGTH (V) - 1
RELATIVE ROUGHNESS -~ ---cvnvn . 10000
(+14] THICK PO 10 VOID MIN CRAK  MAX CRAK 3
CINCHES) (INCHES) (PSIA) (DEG F) (INMCHES) (INCYES) (Psl)
28.0000 1,050000 1045 .00 549.90 0000 6.0000 20.000C 25500000,
ITER CRACK ANGLE AREA FLOW EXIT P FLUX riON
(INCHES; (DEGREE) (S0 IN) (LB/SEC) (PSIA) (KG/S/NL) (GAL/MIN)
1 6,00 24.56 017 7 $40.07 11368.5 1.5
2 7.00 28.65 024 41 S74.58  12251.8 2.98
3 8.00 32.74 032 60  605.78 13082.0 “. 3
4 9.00 36,83 2 B 43077 13889.4 .00
5 10.00 40.93 054 113 654,17 14647.% 811
6 11.00 45.02 068 1,48 677.37  15345.0 10.67
7 12.00 N €. " o.M 15997 1 13.74
. 13.9%0 53.20 102 241 71935 16603.6 17.36
G 14.00 §7.30 123 5.00 78,57 17164 .6 21.57
10 15.J0 61.39 146 .67 757.58 17665 .0 26 .41
1" 16.00 5.8 i & 44 Tl 4% 18119.9 31.93%
12 *7.00 .57 202 $ 30 793.02 18514.9 38.13
13 18.00 73.67 %4 6.28 ©B07.7% 18908.4 45.18
14 19.00 7.7 2n 7.39 819,88 19317.8 £3. 19
15 20,00 81.8% 309 8.63 asn 19681.7 62.07
Do THICK (4 ¢] 10 VOID MIN CRAK MAX CRAK £
CINGMES) (INCNES) (PSIA) (DEG F) (INCHES) (INCHES) (PS1)
28,0000 1.050000 1045.00 489.%0 . 0000 6.0000 20.0000 25500000,
1TER CRACK ANGLE AREA FLOM EXIT-F FLUX FLOW
(INCHeS) (DEGREE) (SQ IN) (LB/SEC) (PSIA. (KG/S/M2) (GAL™MIN)
1 .00 26.56 017 4D S59.41  16428.2 2.8
? 7.00 28.65 .02¢ 59 SB8.1Y ATSTS 4 .28
3 8.00 32.7% .032 86 603.%4 18772.7 6.18
‘ 9.00 36.83 042 1.2 609.83  20079.0 B.68
$ 0.0 40.9% .05 1.64 616.12 21343 .3 1.8
6 11.00 45.02 068 2128 622.70  22%57.4 15.69
7 12.00 4911 084 2.8 629.02 23738.0 20,38
8 13.00 53.20 .102 3.62 635.486 24816.8 26.00
9 14.00 57.30 123 4.5 641,80 25982.1 12.66
10 15.00 61.% 46 5.62 648,07 27053.8 &0 .45
1" 16.00 65.48 A7 6.88 654.30 28092.1 49.5%0
12 17.00 9.5 ,202 8.33  660.52 29096.9 59.93
13 18.00 73.¢67 234 9.99  566.93 30059.3 71.82
14 19,00 77.76 .27 11.87  673.12  30997.6 85 .3
15 20.0C 81.85 309 15.9% 6. neo .9 100.60
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™ "CALCULATION NO. | PREPARED BY ' CHECKED BY
/ 0 1/ PAGE
L ;A

ORAGE : ¢
PROGRAM C1RY
P il R e I I T I s I T s s AT e R T
CALCULATES FLOM THROUGH ROUMIERENT LA RACKS "
VERSION 2.0 10/4/9
it it a AR AR AR A A R LR R R L AL LELLELLL LA
CRARACTER®™Y FF _DASH
HARACTER™ TITLE  ADATE
TITE/ YITLE(E

PIPE

FRRRRA RN RS R RN AN RN AR RN AR R R R RN R R R RN

FRIOx/ROUGH

SION PSC(20),7SC(20) W

P FACY _GALPF 3.141592¢ " 68 . B%1
DATA DASH

DATA PEX/14.7

DATA REONM/ 62 .4

FF=CHAR(Y12

CALL DATECADATE

WENCS FiLE="'CIRFL ME STATUS =

OPENC(S, FILE="CiRFLO.QU STATUS = ' UNKNOWN
WRITEC™, 300C

WRITE(S,1500) FF_ADATE

READ(S,1000) TITLE

WITE(s, 200( TITLE

READ(S,1070) NITER NUMEL  MCRAXK  ROUGH

NNsNITER
WRITE(S, 201 KITER NUME, NCRAK, ROLGH
READ INPUT DATA FOR KEXT PIPE INF | GURA L
|
&C READ(S,1020 END=260) DO, THICK PO, 10, VOIDO, GALMIN, GALRAX  §
CRUMIN=GALMIN
CRUMAX =GA L MAX
R=00/2.(
R aR/TH X
| LET THERMODYMAMIC PROPERTIES

HLSAT=NSL (TSAT
VLSAT=VSL(TSAT

F(VOIDO, LE . D B
[F(VOIDO.GE."
! TO=TSAY
| ¥Ou1. 0 VOIDO/VSSAT+() VOIL YLSAT
! XO=YO*VO DO/ /SSAT
HO=XO%HSSAT+ (Y X "H._SA
G0 10 120
80 CONT INUE
F(10.0T . TSAT S
HO=NCL(PD 70,5
VO=VCL(PD,TY
w( 0 .
CONT [ RUt
FO A TSA
|
" S
g e -
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:AL‘ Vi ATION NO P

DETERMINE APPROX

S IGC=PO*R /(]

AREA=CRACK 1

nwy

W EPARED BY

RATE

MICK
R, THICK

FONCRAX .EQ.Y) GO 154

GALC=GALPP*CAREA* K

LI=SQRT(GALMIN
LEnSORT (GALMAX
GOTO 158
15 COLY=CRIMIN
CLZ2nCR L MAX
( DETERMINE FLOW

158 COMT I

WRITE(S, 2064
WRITE(S,2070)
WRITE(S,2130 DASKE K= &
WRITE(*, 3030)
00 260 1wl ww
CCLoCCL Y (CCL2-COLY)*FLOAT(1-1)/7LOAT (NN
CANGLE=CCL/(P1%D0 )* 3&(
CAREASCRACKC(COL R, THICK. . S1GC. ¢
WCRFLOM(PO N0 VO CCL, CAREA _THICK PEX  NUME PSL $C.V Wl
GC=0 . (
IFLCAREA NE . ( GCuFACT™WC /CAREA
CReeeess NOTE GPYM 1S BASED ON ATMOSPHER WATER FOR N KEUP OF SuUMs
GALC=GAL PR /RN
GLCuGC* (39.37/12.0)%%2/2.:
WRITE(®,3020) CCL,CANGLE,GA
WRITE(S, 2080) CANGLE  CAREA WC  PSC(NUME i A
w0 CONT INLE
-w t - “
WRITE(S, 212
o 7 sl
60 CONT I NLE
CLOSE(S
OSE(é
i
C
Lo MMAT L
C
104 FORMA' Aa
101 FORMA Y 218 Y
1020 FORMAT(8F1 £
1500 FORMATCAT SINCIRFLD ALCULATION OF FLOW THROLIGH ROUMEEREN
1 12H PIPE CRACKS. /1X. 12K VER L 1 SHTODA Al
20 FORMA A
441 FORMA X, 30MNIMBER OF CRACKS EACH ASE X
SOMMUMBER OF ELEMENTS |N CRACK S, /71X
) SOMCRACY FLOW (0) OR LENGTH 5 ]

RMUS™ A
CA
LA

HROLIGH RACK

HECKED BY
{ #/{///

J

| W——

|
|
{

e S S— |




MPR ASSOCIATES, INC,
1050 Connecticu' Ave., NW-Washington, DC 20036

CALCULATION NO. " /pneemeo BY ':ZW J
//. e
. A—

3 SOMRELATIVE ROUGHNESS - - 1105 /1)

2020 FORMAT(AY)

2030 FORMAT(BX, 2MDO, SX, SNTHICK, BX, 24PO B, 2KY0 Sk, &WVOID, 2X,
TOMMIN LEAK, 2x, BMMAX LEAK, Ox, THE)

25 FORMAT(8X,2MDO 5K, SHTHICK, BX, 2HPO, BX, 2HT0 Sx 4HVOILD, 2X,

TAMKIN CRAK, 2X BAMAX CRAK 9%, 1HE)

2040 FORMAT(2X BN INCHES) 2X BM{IWMCHES) AX 6H(PEIA), 3x, TH(DEG 73, 10X,
COMCGAL/MIN), TX, ON(GAL /NIN) 5K, SH(PEL))

2045 FORMAT(2X, Bh( INCHES) , 2X, BHCINCHES)  AX 6H(PSIA), 32, 7H(DEG #) 11X,
TBHCINCHES ), 2% BHCIRCRES) 5K, SH(PST))

2050 FORMAY(FI0. &, F10.6,2F10.2,F9.4,2F10.4,F10.0,10K,F10.4,#10.2,F10.1)

2060 FORMAT(2X ANTTER, 57, SHCRACK , SX, SHANGLE , 6X , AHAREA  6X &4NFLON, &X,
1 OGMEXTT P A ANFLUX, 6X, ANFLOW)

2070 FORMAT(6X,2X BH(INCHES ), 2X BM(DEGREE) 3x, 7H(SQ IN), 2Xx BH(LB/SEC),
VAN, GRCPSIA), X, OHIKG/S/KZ), 1N, PHIGAL/MIN))

2080 FORMAT(1&,2010.2,F10.3,2F10.2,F10.1,F10.2)

2120 FORMAT(1X)

2130 FORMAT (6X, TOAY)

2155 FORMAT(TOAY)

3000 FORMAT(S2K CIRFLO- CALCULATION OF FLOW THROUGH CIRCUMFERENTIAL,

1 12K PIPE CRACKS,/)

3020 FORMAT(F10.2,6X,910.2 8x,F10.2)

SO30 FORMAT(ATH CRACK LENMGTH CRACK ANGLE LEAKAGE (GPw))
END

FUNCT ION CRACKC(CL R, T SI1G.E)
T R N R A R R AN E R AT E RN R RN AN LN P TR RN RO R ST O RNy
C DETERMINES CRACK AREA FROM GEOMETRY ANL STRESS
4 CIRCUMFERENT [AL CRACK
e T D TP T T

DATA P1/3. 1415926/

KL=CL/SORT(R*T)/2.0

TRCXL.LE . T,.0) GPoXL**2+0, 18"XL*"4

IFOXL.GT.1.0) GP=0,02+0.81°XL*"2+0 3*XL**3+0 . O3*KL"*%

CRACKC*SIG*(2.0%PI"R*T )*GP/E

RETURN

END

FUNCTION FLON(PO HO VO, CL CAREA, THICK PEX _NUMEL PS TS VDIDS W)
L T D

C JETERMIMES THE FLOW T ROUGH CRACK INCLUDING FRICTION EFFECTS
C'.'.'.‘mm.mm"'.‘.'.“.'.".'...“.“'m'....".'....'."'

COMMOU /FR | CR/R0UGH

DIMENSION PSCY), TSCY) VOIDS(Y)

DATA GRAV, FACT FT1/32.2,144.0,12.0/

DATA CRIT/Y.DE-3/

1F(CAREA €0.0.0) GO0 TO 180

DX=THICK/(rTI®FLOMTCNUMEL ) )

D2  O*CAREAZ(CL*FT],

LeCARSA/FACT

FINnQ 5/(2, 0CRAV:YALTWAMY2)

FOUT#1.0/(2, 0"GRAVOFALT A 2)

FINTADX/ (2 .O"GRAVEFACT A®*2%DK)

¢
€ SET LIRITS AND SUPPLY FIRST FLOMW GUESS
9
W Ne0D. 0
WHAX=ACGCYAR (PO, MO, PCRIT )
WE (WM NsWAK ) /2.0
¢
€ BEGIN ITERATIVE LOOP TO CBTAIN FLOW
£

0O 140 1TEReY 20
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o Rl el

peeenes NOTE FOR SMALL CRACK USE RELATIVE ROUGHNESS OF 0,1 ssessssissacss

s Ra kel

la Rl ol

=

20

40

60

100

PR F INTVOSYe*2
DETERMINE FRICTION PRESSURE DROP On KODE BY WODE BASIS

DO B0 [=1, NUMEL
HE=HEVI(P TSAY % VE)
1F(HO.GT. N8> GO 10 &0
HL=HSL(T8%)

TFCHO " NLY 6D TO 20
Tel®

HL«HEL(TSAT)
VLVSL(TSAT)
Xe(HO-ML) /(XS -KHL)
VeX*vge( 1. 0-X)*Vi
VOID=X*VE/V
vISCoVOID*YISVIP, 1)+( 1 0-VOID)*VISLIP,T)
G T0 &0
S=§SSICLLP WM. T)
vevCL(P, )

vO10=0.0
VISCeVISL(P 1)

GO Y0 &0
SeSSSISS(P MO, T ¥V X)
voI10=1.0
VISCoVISV(P,T)
RESDNTABS (W) /(A™VISC)

FeFRICTF(RE, 1.0, ROUCY)
Pup - ERFINTOVYERR

PS(1 )P

TS(1)=T

VOIDS(1)=vOID
LE(P.LT.PEX) GO TO 120
CONT I MUE

CHECK FOR NADROM WMIN TO WWAX

TFCWIN.EQ.0.0) GO YO 100
IPCABS((WMAX WM IN)/WMIN) LT CRITY GO TO 160

CHECK FGR CRITICAL FLOW OR CRITICAL FLOW COMVERGENCE
VCRA*GCTAB(P, WO, PCRIT)

1F(ABS( (WC-¥)/WC) .LT.CRIT) GO TO 160
(FOME.LT.N) GO 10 120

CMESK FOR MOM-CRITICAL OUTLET

Pap - FOUTIVOWE2
LFCABS((P-PEX)/PEXT.LT CRIT) GO 10 160
1FCP.LT.PEX) GO TO 120

FLOW 1S TOD LOW - ADJUST ACCORDINGLY
| ey

e (WA ) /2.0

GO 10 140

FLOW YOO MIGH - ADJUST ACCORDINGLY

120 WAX =

1
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nill i

WelwewMiN) /2.0
140 CONTINUE

TOO MANY [TERATIONS Wi THOUT TONVERGENCE PRINT ERROR AND STOP

2R shsl

WRITE(H,1000) W, WMIN, WHAX P
sTor

CONVERGED SOLUTION

s R ol el

100 FLOWwY
RETURN

180 FLOW=0.0
RETURN

FORMATS

AN

1000 FORMAT(/ /1K G5HNO CONVERGENCE IN FLOW - EXECUTION TERMINAT.D, /X,
UK, THe, B MWK, BX AHWAX, 11X, THP /1X GE12.5)
o
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AYDE Gr B Corbon Steel Base Metal
Crack Lergt’ (a/b): NS

vipe Diemeter: 20,000 inches
Pipe wail Thickress: 1.000 inches

App! led Moment “ITRTBL O In b
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