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SUMMARY

System designs criteria employed in the design of pressurizer water reactors {PWR)
requires that, for a postulated instantancous gquillotine rupture anywhere in the steam
generator feedwater system, no more than one steam gemerator can be allowed to blowdown.
Feedwater systems in many PWR's consist of pipe lines running from the feedwater pumps
into a common feedwater header then branching into =ach steam generator from the header.
The feedwatar piping to each steam generator contains swing check valves to prevent
reverse flow from the steam generator. This activation of some or all of these chack
valves significantly complicates the sysiem structural analysis in that not only the
blowdown forces resulting from the postulated pipe rupture, hut also the water hammer
loads resulting from closure of the check valve at high reverse flow velocities must be
considered.

The Toads resulting from system blowdown and check valve closure are axial in
nature. Peak Teads ranging from 130000 Tbs. to 180000 1bs. are not uncommon and are
layout dependent. The analysis and design to withstand this transient loading deviates
from the usual feedwater 1ine design im that supports are required along the piping axis
in the direction normal to the usual seismic supports.

A brief and general discussion of the methods employed in the generation of the
thermal-hydraulic Toadings is presented. However, the discussion emphasizes the piping
and piping support structural design and analysis methods and approaches used in eval-
uating a selected portion of such a feedwater system.

The design presented in the paper was for an existing, installed system. The
discussion details the method of analysis and the approach used to show system accept-
ability. This includes the type analysis (time-history non-1linear), utilization and
modification of existing supports, use of pipe whip restraints and various acceptability
criteria.

Feedwater system design for this transient is highly dependent on the piping lay-
out. Guidelines are presented, which if used, can significantly reduce the applied
Toading of this event.
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1.0 GENERAL DISCUSSION OF THE EVENT UMDER CONSIDERATION

Figure 1 shows a typical schematic diagram of a feedwatav system‘for a Pressurized

Water Reactor. (This particular figure is for a four toop plant.] Each pertion of a
feeqwater Tine supplying a steam generator {SG) contains one check valve. In addition,
each branch of auxiliary feedwater 1ine contains at Teast one check valve. During normal
or upset conditions, the design funrction of these valves is to prevent reverse Tlow From
the SGs during varjous plant operating transients. An additional function of these
valves ic to prevent more than one SG from "blowing-down" {depressurizing and emplying of
Fluid) in the extremely untikely event of a postulated fesdwater Tine or auxiliary feed-
water Tine rupture. Plant safety analyses for an inadvertent feedwater line rupture vely
on the closure of these valves because the standard protection system Togic does not
provide a signal to close the main feedwatier isolation valves in time to prevent the
possibility of multiplie 56 hiowdown.

& rupture anywhere in the feedwater system would cause all check vaives to rapidly
slam shut to prevent reverse flow from the SGs. This valve slam against the reverse flow
would generate large pressure pulses and associated thermal-hydraulic {T-H) Toads in
piping Tocated between the SGs and the check valves {see Figure 1). These large pressure
pulses and the associated T-H Toads (on the piping) could potentially vupture the piping
in thic critical area and result in multiple steam-generator blowdowns. In addition if
the entire feedwater system is not ceismically qualified, a seismic event could initiate
a pipe rupture in the non-seismic designed area, which would result in the aforementioned
event.

Therefore, for the extremely unlikely possibility of an inadvertent rupture anywhere
in the feedwater system, piping between the chack valves and the S& for all bul one Toop
must be shown to maintain its pressure boundary integrity. In addition, the check valves
must be shown to close and maintain their reverse flow rataining capabilies. This paper
focuses on the analysis of one main feedwater line as shown in Figqure 2. However, for
total plant design, the remaining feedwater Tines, the auxiliary feedwater system, and/ or
any feadwater bypass systems must also be considered.

2.0 BREAK SELECTION AND THE NATURE OF THE LOADINGS ENCOUNTERED

Refore any analysis could be undertaken, the postulated break Tocation{s) had to be

selected. This was required prior to generation of any T-H Toads and/or creation of any
structural analysis models. Prior analytical studies indicated that the closer a break
is postulated to a given 56, the higher the loads would be on the portion of the piping
betwsen the break and that specific SG. In addition, as the break moves closer to one
5@, the loads are reduced on the piping to the remaining SGs. The bresk was selected at
a point in the piping system which was approximately equidistant from all SGs. Using the
resulting T-H Toads for & break chosen at this point, as system design Toads, piping
pressure boundary integrity (between the check valve and the S6s) was tnen shown for all

=

Toops of the feedwater system. IT a break then occurs anywhere alse in the feedwater
system, the loads on ihe piping to the SG closest to the break would be expected to
increase above the design loads but the Toads on the piping to the remaining 56 would be
expacted to decrease below the design loads. Therefore, for a byreak at any point, the
piping to the closest SG could potentially fail; however, the piping to the remaining SG

would remain intact. The criteria of no more than one SG blowdown for a break anwhere
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in the feedwater system is therefore maintained. The preceeding approach was used to
minimize analysis costs as only one T-H analysis was required for each feedwater Tine.
The results presented herewithin are for the feedwater line from the equidistance break
point to the SG.

The Tloadings on the piping can be broken down into two distinct phenomenon: the
initial depressurization7(b1owdown) loads due to the postulated vupture and the Toads due
to the rapid closure of the check valves. The piping between the check valves and the
SGs experiences both conditions of loading while the design of piping upstream of the
check valves is essentially controlled by the blowdown phenomonon. For both phenomenon
the associated loadings are axial in nature, i.e., they act along the piping axes. This
was in a direction perpendicular to seismic, deadweight, and other Toadings which were
initially considered in design of feedwater systems.

3.0 BRIEF DISCUSSION OF THE THERMAL—HYDRAULIC ANALYSIS
A Westinghouse digital computer code is used to determine the time~history

pressures, velocities, etc. for the entire pipning system. This code incorporates
appropriate models of the fluid behavior at the postulated break location.

A second Westinghouse digital computer code is used to generate time-history applied
piping Toads. One force is generated for each straight piping run between the SG and the
selected break location. The Toads are generated using the time-history pressures and
velocities resulting from the T-H analysis.

Figures 3 and 4 show typical forces which resulted from this analysis. (These loads
are for the model of Figure 2.)

4.0 DYNAMIC STRUCTURAL ANALYSIS
Once the time-history T-H forces were determined for each straight run of piping,

they were appiied to a structural model of the piping system with the aid of digital
computers.

The piping system structural model constructed for this analysis is represented by
an ordered set of data (computer input cards) which numerically describes the physical
systam,

Node point coordinates and incremental lengths of the members are determined from
spatial geometric drawings. The geometrical properties along with the modulus of elas-
ticity, E, are specified for each element. The supports are represented hy stiffness
matrices which define restraint characteristics of the supports. The well known equa~
tions of motion can be written in matrix form as:

MIX] +C [X] + K [x] = [f(t)] (4.1)
Where ¢ = damping matrix [x] = displacement vector
M = mass matrix [x] = velocity vector
K = stiffress matrix [X] = acceleration vector
[f(t)] = vector of applied forces
The natural frequencies and associated mode shapes can be obtained by solving the
characteristic equation: Where M_l = inverse of the mass matrix
det. | xI*M_lez 0 I = identity matrix (4.2)
by = scalar

Each eigenvalue Ao = m§ of Equation (4.7} determines a natural frequency, and the

associated eigenfunction [wa] is the mode shape. The matrix ¢ whose columns are the
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eigenvectors [ﬁa] js calied the modal matrix.

Matrix Fquation (4.1} represents the dynamic equilibrium of the masses of a thrze-
dimensional structure with applied forces in any or alil of the coordinate directions.
Equation (4.1) can now be transformed inte wodal coordinates by defining the following
Tinear transformation:

[x] = [47 {al (4.3)
Where fgl = modal coordinates
and [%1 = [s] [d] (2.1)

Apnlying Equations (4.3) and (4.4), and normal mode theory, the actual Uime

vesponses of the structure for the ith mass diraction are:
Xi(b) = T wigaqa(t) (4.5)
a
() =% o9, g (& 4
G) =28y 6, (8) (4.6)
L4 oy & @ . (a7
G0 =20y () (4.7)

The solution iz conducted in two parts using two computer codes. The First program
is used to find the frequencies and mode shapes of a three-dimensional struciure,
jnctuding the rotational degrees-of-freedom.

The second program then takes the modal data, generates and soives the wmodal dif-
ferential equations which result from fime varying applied internal forces.

The program is also capable of solving non-linear elastic systems containing geome-
tric discontinuities (undirectional supports and supports with gaps) which are atfached
to oround., These geometric discontinuities are represented by non-linear stiffnass ele-

ments., The forces arising from these geometric discontinuities are treated as externally

apnlied forces. This

Particular analysis contained three Tinear supports and 27 non-—
linear, i.e., unidiractional, capped supporis.
The time-history internal forces and displacements are then input inte a series of

post-processing programs used to determine the maximum forces, moments, and displacements

"~

that exist at each end of the piping elements and the maximum Joads for the piping sup-
ports. The resuits are saved on magnetic tape for future use in piping stress analysis
and support Toad evaluation.

The loads and stresses resuliting from the valve discharge case were comhined with
the loads and stresses from other lcading conditions as defined in plant specific piping
design specification. The Toad combinations are also discussed in Seciion 5.

5.0 SYSTEM DESIGN CONSIDERATIONS AMD EVALUATION CRITERIA
5.1 SUPPORT SPECIFICATION

Typical systems under consideration have been field installed but the nitial design

2,

of the system did not consider this transient. The applied T-H loads were generated
prior o any structural evaluation. Once the loads are available, the support design
1oads and maximum allowable support back-up structure and plate loads were reviewed rala-
tive to these applied loads. The review was cotiductad for the express purpose of deter-
mining if any supports could be modified to accommdate the applied loads. It was found
that 3 existing supports could be used. (The supports are shown on Figure 2.)

Since a limited nuwber of existing supports could be used without major moditica-

tion, a veview was carriad out to determine if any other method could be found that would
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provide the needed supports for the system. Fipe whip restrainis existed on the system
and the use of these restraints as supporting members for this event was investigated. A
review of the maximum acceptable Toads of these pipe whip restrzints showed that they had
sufficient capacity to dissipate the applied T-H loads. Since the gaps of vestraints
were very large (> 2"), ghey could not be directly used as this would permit unacceptabie

pipe wotion prisr to engagemeni. Ii was decided that the restrainis should be shimmed to

porting the pipe for this transient.

The supports had o be shimmed such that they would not interfare with the thermai
motion of the piping during various system operation modes. This was accomplished by
conducting a thermal analysis of the piping to determine the applicable direction and
minimum acceptable gaps for use in shimming these vestraints. It was found that, due to
these thermal considerations, some of the pine whip restraints could be shimmed in onty
one direction. A1l pipe whip restraint which were to be shimmed were modeled as non-
Tinear (uni-axial) supports with the applicable thermal gaps applied. This allowed for
the direct determination of the effect of the gaps on the piping analysis., It also
allowed for the consideration of the impact toading effects on the piping and the S LY
ports. Figure 2 shows the Jocation and the directionality of the non-Tinear supports and
Table 2 shows the gaps used in the analysis. The analysis was carvied out as descrihed
in Section 4 with the non-linear, gapped elements ronsidered as described in that section.

After completion of the initial analysis, the system exceeded the allowable stresses
{see Section 5.7.2); additional (new) pipe whip restraints were specified and the analy-
sis rerun. With these changes, the piping system was shown acceptable for this transient.
The final support configuration is shown in Figure 2. Table 1 shows the maximum support
Toads resulting from this analysis. It should be noted that certain supports did not
close the minimun gaps and, therefore, had no effect on the analysis. The use of the
non-Tinear technique allowed specification of all vossible pipe whip restraints, which
could act as supporting members. If certain supporis were not acitivated, this s
accounted for in the analysis runs. Therefore, this technique eliminates the need for
costly analysis iterations {te determine active supports) which would be required by
Tinear analysis. Table 3 shows a sampling of the piping stresses resulting from the
anatysis.

The use of pipe whip restrainis appropriately shiwmed provided significant cost

benefits in doing this redesign. The shimming of the vestraints provided adeguate SUD~
port and eliminated the need io do extensive modification to the existing suppovis. In
addition, the pipe whip restraints were shimmed so as not to affect the thermal piping
growth and, therefore, no veanalysis andfor vequalification for the applicable thermal
and other static lToading cases was reguived. When additional supports were required, the
use of gapped resiraints allowed the supports to be constructed from relatively tnexpen-
sive and esasy tou obtain structural steel and, again, did not affect the previous static
analysis.

5.2 EVALUATION CRITERIA

5.2.1 GENERAL

The feedwater Tine rupture event wes considered a faulted condition (for any plant,

the toad classification for this event must be obtained from the FSAR andfor piping
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design specif%cation). The applicable Tload
P+ DNT + (FR® + ssE?)/2
DWT + TH + (FRZ + sSEZ)1/2
P+ DWT + TH + (FRZ + SSES)M/?

combinations considered were:
[Piping]
[Supports]
[Active Valves]

p = Maximum pressure DNT = Weight loads
TH = Thermal loads FR = Feedline rupture Toads
SSE = Safe Shutdown Earthquake Toads

5.2.2 PIPING EVALUATION CRITERIA
The Class 2 and B31.1 faulted limits specified in the applicable Code (References 1

and 2) were initially used in the piping evaluation. The basic equation to be met was:

0, il

R
4t Z
where the parameters are as defined in the Code (References 1 and 2).

< 2.4, (5.4)

If this equation was exceeded the piping stresses were reevaluated using 1imit load
failure theory with primary stress indices and a 2.0 Sy stress limit, i.e.,

M.
5= < 2.0 53

PD
O"‘B 1
2 Ip = y

B 7
where the parameters are defined in NB-3600 of the Code (Reference 1).

{5.5)

If this eguation was also exceeded, 1imit Tevel failure theory and the faulted
evaluation of Appendix F of the Code (Reference 1) was applied, i.e.,

PD .

B. —2 + B, -

1 7t 27p

where the parameters are defined in Appendix F of the code (Reference 1).

<3.05, (5.6)

In addition actual field measured piping properties (0D's, wall thickness, etc.)
were used. Also finite element and test results for certain piping components were
used. (See References 3 and 5.)

The maximum peak pressure was shown to be less than the allowable working pressure
as defined in the applicable piping evaluation code.
For the

upstream piping (between the break and the check valve), this criteria was initially

The above criteria was applied to piping between the check valve and SG.

applied. This criteria could not be met {(upstream) at all points. A detailed evaluation

was undertaken to show the piping would not form any plastic hinges. By showing the
piping met the applicable plastic hinge 1imits, it could be insured no pipe whip would
occur and no subsequent damage would be incurred by the downstream piping and neighboring
piping systems. A detailed discussion of this subject is beyond the scope of this
paper, No pressure boundary requirements need be met by the upstream piping as failure
of the pressure houndary of this piping would not affect the multiple SG blowdown
criteria.

5.2.3 SUPPORT EVALUATION

The evaluation of supports was carred out by comparing the calculated support loads

to the maximum allowable component loads. In addition, actual support component test

data was obtained and used in support evaluation. A1l work was performed in accordance
with the applicable support evaluation rules found in References 1 and 4. Pipe whip

restraint qualification was conducted in a similar manner.
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5.2.4 CHECK VALVE EVALUATION

The check valves were evaluated using the applicable allowable operability/ function

capability nozzle 1imits as supplied by the various valve manufacturers. As the loads
generated from the blowdown and check valve slam loadings are normally very severe and
significantly above those loads that the valves were originally qualified for, an update
of the valve stress report had to be performed. The update was performed by the same
analytical method contained in the original report, but including any loads that may he
generated from the postulated pipe rupture. The impacting Toad at the closure of the
swing disc was also considered. The evaluation showed that the original design 1imits
are met. '

6.0 UESIGN CONSIDERATIONS FOR FUTURE SYSTEMS

As a result of this work, several factors hecame apparent which should be considered

in future design of feedwater systems:
1. Long straight runs of piping should be avoided as the hydraulic loads tend %o
increase as the Tength of a given run of straight pipe increases.

Iy
.

The amount of piping between the S6 and check valve should be minimized as the
check valve slam loads tend to increase as this amount of piping increases.
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