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Abstract

A steamm/water system
certain combination of thermal
operational states, can

POSSESSIng &
hydraulic and
in cenain geometnes
lead to a steam bubble collapse induced water
hammet These states, operations, and
geometnes are identified. A procedure that can
be used for identifying whether an unbuilt
reactor system is prone to water hammer is
proposed

For the most common water hammer.
steam bubble collapse induced water hamn, .1
six conditions must be met in order for one to
OCCut T'hese are

the pipe must be almost horizontal

the subcooling must be greater

than 20° (

the L/D must be greater than 24

4) the velocity must be low enough so
that the pipe does not run full, i.e.,
the Froude number must be less
than one

there should be void nearby

the pressure must be high enough
SO that significant damage occurs,
that is the pressure should be above
[0 atmospheres

Recommendations on how to avoid this
kind of water hammer in both the design and
the operation of the reactor system are made
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Executive

he various causes of Steam Bubble
LCollapse [nduced Water Hammer (SBCIWH)
are examined and the underlying conditions for
an SBCIWH to occur have been identified
With the exception of filling a iong, honzontal
team-filled pipe with cold water, it appears
that these water hammers can be eliminated
either at the design by adopting
suitable operating procedures 'he problem
that remains when a plant is properly de signed
and operated is how to refill a horizontal or
almost horizontal steam-filled pipe with cold
water without inducing a water hammer. This
iIntrinsic to the reactor
safety systems. The conditions that
for a SBCIWH to occur in this
geonietry are identified and a method proposed
L Lcreening a system at the design stage. The
proposed method is designed to be used with
\.w:.;nm d (RELAP) results for determinin 12 the
fluid components dmln the
transients and accidents of interest

stage or

Process is .In.!\‘l wed
PAassIve

Mmust exis

stale 1n various

“I( (
SBCIWH
fellow

refilling of

I“'lf\ ;‘IIK must fK‘ h““/\.”(.” o1
almost horizontal (t}

than 2.4

tol
are as
luring

a system
and

rlena for screening
have been identified

For « SBCIWH 1o
hortzontal pipes

OCCUI

e slope less

'he water must be subcooled to

more than 20°C
he L/D must be greater than 24
I'he filling
watel
pipe area

velocity for the
, based on the full

cold |
must be such that the
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W IWwWeers
psia (1 to 3 x 10" Pa) depending on the
criteria chosen for deciding what
constitutes an intolerable SBCIWH

An example of how to screen a design
On an artist' s conception of the layout for the
AP 600) is presented. The components
teatures that might suffer a SBCIWH are
identified and the elimination mitigation os
accommodation techniques for each compon
that might expenence a SBCIWH is sugge
I'he most important areas for which addt
work is needed are as follows

(based

and

[:.1f

'he most Limiting mox
SBCIWH occurs in a
needs 1o be identifi¢

of tatlure if a

Some higher pressure and larger
water hammer data are needed
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recommended
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will "predict
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1O Introduction

)
'

gnt  waler

eI reactors

¢ systems In the event

accident, ke a LOCA. the advance

be blown

1V 10 thewr satety

1y voided primarny

W subcooled water

?ni‘:x“ﬂ\ |

o 1dentty
states which
design or
lem can  be

commodated

sysiems
in velocity

OCCUr Oover ‘m]\.!
resulting pressure
ol the pipe
mplete A\

nammer can be 1«

A more complete

Moaody (2). For

ngmnates at the velocity of sound
wave in that pipe I'he

rise for a ngid pipe will be

Al

the resulting pressure rise in

pascals

a dimensionless coefficient
which depends on the nature of
the blockage. K | for a sohd
metal blockage like a valve or
0.5 for a column of liquid

velocity of sound in the
medium in nvs (See | 1gure A-|
for its value 1in water)

the extinguished velocity in mv/s
the density of the liu\whg ll-.{ui\l
F_x‘ m

(‘[‘l\! connecunons
bubbles and

Pipe elasticity
fittings wall friction
multidimensional complicate the
picture but because two phase flows have such

eftects all

complex configurations and behavior to start
with, the above equation with an appropriate
velocity ot enough for
'he uncertainties
associated with the configuration of the phase

transtet

sound 15 good

practically all our purposes
boundanes and the heat and mass
processes occurring on boundanes
overwhelm the other uncertainties in this
equation Much of this report will be

concerned with predicting what conditions lead

these

0 water hammer 1in steam systems and BIving
recommendations on

the terms in Equation (1-1

Whil

evaluate eact

now to

water hammer

unkn In nuciear systems, for the
operating PWR's the way they are
preciudes dangerous water hammers
he combin: _
and subcooled water which is
serious steam bubble collapse
nammet

arv Ssyste
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2.0 Steam bubble collapse induced
water hammers and severe fluid
transients: |The v Mmin !

2.1 Water hammers due to the
stratified to slug flow transition: Th

]
LK

{ nammet




Loid Wotler

Figure 2-1. The stratified to slug transition as it leads to steam bubble

collapse induced water hammer in a horizontal pipe

Reference (4)
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2.2 Conditions leading to SBCIWH
due to the transition to slug fow.

Both Reference (5), the thesis on which it is
based, and Reference (4) give swbilig' maps
showing under what circumstances S Cl\‘ﬁ;
can occur. The criteria for SBCIWH were
simplified and worked out numerically for a
wide range of conditions and published in
Reference (6).  One of the figures from
Reference (5) is reproduced here as Figure (2-
2).  For a convenient screening procedure,
there are far too many parameters in this
problem to work out al possibilities in detail,
so we shall simplifiy these criteria and start
with the minimum subcooling and minimum
water flow rate which are present if a water
hammer is to occur.

Let us start by explaining Figure (2-2).
It is clear, with a little consideration, that some
subcooling is essential if steam bubble collapse
induced water hammer is to occur. Until
something like 20 ° K of subcooling is present,
the range of pipe-filling flow rates over which
SBCIWH occurs is very small. (See appendix
A).  This subcooling limit, which is based
entirely on experience in low pressure systems,
is thought to be generally conservative. The
first part of the simplified screening criteria is,
theretore:

(T,-T)>20°C @)

if SBCIWH is to occur. In equation (2-1),

T = Saturation temperature for the
nominal local pressure in “ K.

T = The actual temperature of
the water in “ K.

There is a water-hammer-free region at
the lower left of Figure (2-2), (labeled stable or
metastable) where SBCIWH does not occur.
This is because the water tlow rate and the
resulting liquid fraction is so low that a
transition to slug flow is not possible. A
transition to slug flow requires a liquid fraction
greater than 0.2,  Immediately adjoining the
stable region on Figure (2-2) 1s a4 metastable
region in which the conditions for SBCIWH
are marginal in that the

condensation events are not vigorous enough to
cause one. We did not find water hammers in
this region in our experiments. The benefits
that these water-hammer-free regions confer on
a system will not be exploited in the proposed
screening procedure. Rather, we will assume
that whenever the sub-cooling is large enough
and the filling velocity is less than the critical
velocity shown at the top of Figure (2-2), that a
water hammer will occur.  Let us now focus
more closely on this limit.

If a horizontal pipe has a small water
flow rate and the end is open to a steam (or
gas-filled volume), the pipe won't run full. If
the gas phase is steam, this pipe can experience
an SBCIWH. If, on the contrary, the flow rate
is high enough, the pipe runs full and the area
exposed to the steam is so small that not much
condensation will occur.  The counter-current
flow needed to cause a transition to slug flow
cannot be set up. As long as the pipe runs full,
SBCIWH will not occur.  An approximate
conservative criterion for the pipe running full
so that a water hammer cannot occur is,

V
-Tfi:> l. (2-2)

veD
In equation (2-2),

Vs = The superficial velocity of
liquid water in the pipe in mvs.

g = The acceleration of gravity in
m/s”

D = The pipe diameter in meters.

This is one of the most important screening
criteria for SBCTWH.

Though these criteria were developed in
connection with filling a horizontal pipe, the
underlying mechanism of water hammer which
arises in horizontal pipes, also appears in a
variety of other scenarios and geometries. The
next few sections will describe these.

NUREG/CR-6519
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effect of subcooling on the region where steam bubble collapse

induced water hammer can occur. Reference (5)
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23 Admitting cold water in down
flow into a blocked, vertical, steam-
filled pipe. Fo ! !

!
T

2.4 Draining an inclined pipe, which
i1s originally filled with cold water, in
the presence of steam. One of the mo




llngX'z-J.lhn\wLMHrthv\%u'nnnwh«m|n.;lunuuu'p1u
¢locity drainage Fr 44. (bh) Hl)"! velocity ;";lll).?;':

4

» 44, Equation (2-3), Referenc. (14)

|’i).:lll'(' 2-4 The stability neap for a draining pipe with inclination angle

from the horz nta A4 yr'( nrin

experniments in S cm. Reference
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2.8  Column separation and rejoining
und  refilling  voided pipes
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<8 Chugging

Fipe clearing transients
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1.0 Estimating the severity and
duration of a steam bubble collapse
induced water hammer (SBCIWH)

s ’ ’ L » 1 ! !

TR i 1 {
) - '

R ¢
}

IWH not ne

N

5 B
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Naure 3. : B
i gure | 1. A bubble trapped between a column of cold water and a slug of liquid
¢ SN
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inertia or the wall sheas
velocity, I the inertia
WOrk .|‘,v,g\ on the g by the

the pipe 18 equal 1o the

L

PipX

cmpne!

I'he

I'he saturation pressure ol

the water in the pipe in Pa
'he mass of water trapped 1n the
n kg
OCIty of the slug
me of the bubbl¢
I'he pipe diameter in n
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Inertia limit

Wall shear stress imit

Time

Figure 3-2. The variation of the velocity of the slug as a function of time showing
the inertia limit and the wall shear stress limits as well as the actual velocity.
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deflection). The impulse for a system filled
with cold water acts normally for a time interval
that is considerably less than the period of the
pipe and the resulting maximum deflection is
usually less than that which would be obtained
if the peak force acts steadily.

The coefficient "K" in equation (1-1)
reflects, in pant, the g of the system.
If, as is the case illustrated in Figure 3-1, the
slug hits a column of water, the coefficient is:

K=05, (3-4a)

while, if it hits a solid metal end like a closed
valve, the coefficient is:

K=10 (3-4b)
The difference in these two cases is due to the
fact that there are two pressure waves formed if
the slug hits a column of water and only one if
it hits a solid end. 1f all the slug kinetic energy
is contained in a single pressure wave, its
amplitude is higher.

The impulse that is imparted by the slug
to the column of water in the pipe is always that
which is sufficient to stop the slug.

In general:

I =] Fdt
which becomes

= m,..u‘(v, -0). (3.5)

The force in equation (3-5) acts over the period
of ume it takes the pressure wave to make it
from the impact surface to the free surface and
back. That is, for Figure (3-1), the impulse 1s,

(2L )

| = (PA) ===, (3-6)
= ( C

In equation (3-5):

I = The impulse needed to stop the slug
in kg m/s

Mgjyg = The mass of the slug kg

F = The force exerted by the slug, N

t = The time over which the force acts,
5.

P = Pressure exerted to stop the slug,
Pa

A = Area of the pipe, m'

The impulse imparts momentum to the piping
system which then deflects an amount related to
its mass and stiffness.

Before dropping this topic, this theory
should be compared to some data.  This
comparison is shown in Appendix A as well as
some example calculations  using  these
methods.

The primary cause of the scatter which
is evident in the data shown in Appendix A, is,
I belicve, due to the uncertainty in the value for
the velocity of sound that is chosen. Very little
vapor in liquid hugely decreases the "C"
and thus the peak pressure.  The amount of
vapor in the system is not well controlled in
these experiments and 1s certainly not in the
systems of interest.

4.0 Pipe clearing transient description
One process, that is perhaps better described as
a severe fluid transient rather than as a waler
hammer, is the pipe clearing transient.
References (11) and (12) describe the
calculation of this transient completely and
everything in this section is drawn from those
works. The problem is to determine the force-
time relation resulting when a pool or plug of
water trapped in a pipe upstream of a bead (for
instance) impacts the bend when the pipe s
cleared by steam (or gas for that matter) when it
is suddenly admitted (o the pipe.

Figure (4-1a) shows such a pool in a
pipe while Figure (4-1b) shows how it 1s
idealized into a plug. Figure (4-2) shows a
large number of peak force data points taken
for a variety of initial void fractions and
clearing velocities. Below this figure is a series
of cartoons which show several of the force-
time traces measured at the bend The

NUREG/CR-6519




is the liquid fraction trapped in the
m seal upstream the bend.
Until the liquid fraction exceeds 0.2, or

a<08 (4-1)

in the pool, no measurable force due to ¢

the liquid i1s observed. All the data obwm
these experiments has been correlated using o
| plug flow model. That model is as
follows Figure (4-1). The peak force is
calculated assuming the hquid is a coherent

cylindrical plu*h the ume volume as the
original pool. This u s the bend at the
nominal velocity. zed peak force then
is

FepsV,’A, (4-2)
In equation (4-2),

F = The force exerted at the bend in N

p, = The liquid density in kg/m’

V,, = The nominal velocity of the
driving fluid (gas or steam) in m/s

A, = The cross section area of the pipe
inm"

The idealized force is used to non-
dimensionalize the actual force trace.

F = -F—"'gi— (4-3)
6] Vi A
This peak force is correlated on Figure (4-3) as

a nction  of  dimensionless  distance
downstream of the pool. The dimensionless

slug length, L, is defined as
Ly 2L,
A

X

(4-4)

In equation (4-4),

NUREG/CR-6519 16

0, = The volume of the hquid slug
trapped, in m’

The dimensionless distance 15 an important
ﬂ::llMﬂ because it reflects how much liquid
been left behind as the slug advances down

pipe.  After it has gone about § slug
lengths. the slug becomes an incohereid mass

of spray.

This is to be expected as the nose of the
slug flow bubble advances into the slug at a
velocity which is about 20% greater than the
flow velocity in the pipe. is increase in
velocity for the nose of the bubble reflects,
more than anything else, the turbulent velocity
profile in the pipe.

The nominal time it takes the slug to
pass through the bead is,

0,
VoA,

(4-5)

tﬂ
In equation (4-5) where,

L, = the nominal time it takes a slug to

pass through the bend in s.
The dimensionless impulse shown in Figure
(4-4) is then,
Fdi
' w -—/;‘—- (4-6)
PV Aty
in which the dimensionless time is
t‘ = -—'-— (4-7)
!

In these equations,
1" = The dimensionless impulse

t" = The dimensionless time the impulse
acts
The duration and magnitude of the force and

the impulse can be obtained from Figures (4-3)
and (4-4),



z‘-g\, L /"i

="}

Ls |
)

‘

(b

Figure 4-1. (a) The actual configuration of water trapped in a low point in
a pipe and (b) the assumed configuration when the pipe is
cleared by a flow of steam or air from the left. References (11)
and (12).
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Figure 4-2.  Force-time data from the pipe clearing experiments of Reference (11).
The top figure is a summary of the peak forces measured. The cartoons at the bottom are
samples ogthc measured force-time traces for selected initial liquid fractions upstream of
the force transducer.
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loop seal, the clearing force downstream can be reduced to
manageable values. Reference (11).
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S0 Experience in existing LWR's:
Before going to the specific cumnlc. which is
based on a nroposed advanced light water
reactor design, it is appropriate to review and
summarize what has been learned on existing
BWR's and PWR's. Virtually all the water
hammers ohserved in existing LWR's have
occurred in the auxiliary systems, not the
primary. Most of these can be traced to one of
two overniding causes:

1) Inexperienced operators because the
piant is new so that the procedures that might
cause @ steam bubble collapse induced water
hammer have not all been identified or,

2) A piece of equipment like a check
valve, fails and starts to leak.

This causes steam to be present where only
water should be or perhaps causes condensate
to collect in a pipe that should contain only
steam.  Reforence (3) classifies the water
hammers in such a way that the auxiliary
systems that are most prone to water hammers
can be identified and appropriate design and
operating precautions taken. The details on the

recautions provided in Reference (3), will not
‘:c duplicated here. We will focus only on the
problems that are unique to the advanced
reactors because these are the only designs in
which water hammers might occur in the
primary .

Tables (5-1) and (5-2) from Relerence
(3) summarize the experience utilities have had
with water hammers obtained on existing
LWR's. These two tables are inserted here as a
reminder that a plant can experience water
hammers in the auxtliary systems as well as
primary and some of these water hammers may
have safety implications,  Steam bubble
collapse induced water hammers are not the
only possibilities, References (3) and (15)
describe some other possibilities as well. Most
of the information in Reference (3) was
provided in licensee event reports submitted to
the NRC in the course of operating these
reactors, Even though this data is for existing
LWR's, it can tell us a lot.

Feed water systems and steam
generator nozzles are particularly prone to
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water hammers. This is because they are the
parts of the system which would normally have
cold water in them and yet are at high pressure.
During certain transients, however, they may
also have steam in them. The combination of
cold water and steam s the most common
precursor of a steam bubble collapse induced
water hammer  Their presence is, indeed,
essential if a SBCIWH s to occur at all.
Components in the advanced reactors that
usually have cold water but may have steam in
them are the first places to look for water
hammer problems,

The feature that makes the advanced
light water 1=actors different from existing
LWR's is that iney ae designed to be blown-
down and then refilled with cold water using
natural  circulation. The  gutomatic
depressurization system (ADS) and the direct
yessel njection  gystems (DVI)  which
accomplish these processes are unique 1o the
advanced reactors and thus are the likely places
to find any new problems. The ADS would
most likely have a problem during blowdown
while the DVI system would be most likely to
have one durinf refill. The core makeup tanks
are new as well so their performance must also
be examined. Most of the other components in
the advanced LWR's are also in existing
LWR's and are thus less likely to have
problems. We now know how to operate these
systems.

.1 Screening an unbuilt system for
water hammers: The specific example
chosen to illustrate the suggested screening
procedures is based on the AP600 conceptual
design and is illustrated in Figure 5-3. (This
figure was provided to the NRC by
estinghouse). 1t 1s not a final design and 1s

certainly not complete. Many details such as
valves and their locations, stress-relieving
loops, pipe inclinations, instruments, drains
and vents and so forth are all omitted from this

icture. None-the-less, this figure is useful for
identitying the places where problems might
arise and sufgcsts what the problem might be.
Only a detailed examination based on piping
isometrics, the study of component details like
valve geometries and a knowledge of the states
passecf through from the computer simulations
of the transients will allow one to see if there is
actually a SBCIWH problem.
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Looking at Figure (5-1), we can
identify & number of where problems
might arise. Table (5-3) gives a key to the
numbers on Figure (5-1) along with the section
in this report where the likely process leading
10 @ water hammer in the identified component
is described.

Not every process mentioned in section
(2) of this report is referred to in Table (5-3).

This is partly because Figure (5-1) is not

complete and some of the drains, vents and

NUREG/CR-6519 22

other components that are present in the
complete plant are missing. The refilling
process in short pipes of various orientations
and blind-ended components are possible
sources of water hammers and should be
checked for too. We just don't know where
these blind-ended pipes are. In most cases,
however, the water hammers that resuit from
the processes not mentioned in Table (5-3) are
water hammers best eliminated at the design
stage or mam*ed by operational means such as
controlled refilling rates.
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Main Steam
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Resicual Heat Removal
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Schematic of the AP600 reactor system showing locations that should be checked

for steam bubble collapse induced water hammers or severe fluid transients
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Table 5.3 Components and their Associated Types of Water Hammers
or Severe Fluid Transients

Location Location Type of Water Hammer  Discussion
Number (Refer to this section)
1 PZR Surge Line 24 5.21
2 DVI Line 2.1,2.2 5.22,5.29
3 DVI Nozzle 2.1,2.2 5.23,5.29
4 ADS1-3 Sparger 2.8 5.24
5 CMT Drain 21,23 5.25
6 PRHR HX 23,24 5.26
7 Hot Leg/Cold Leg 2.1,2.2 §.27,5.29
8 ADS1-3Depressurization
Valves 29 5.28

NUREG/CR-6519

26



§.2 Comments on specific components
identified on Figure (8:3): Before
proceeding to the screening problem associated
with filling a honizontal line, we should take
this opportunity to discuss the components and
processes appearing in Table (5-3) with the
intent of making the screening process easier.

§.21 Surge Line: The geometry of the
surge line is almost exactly that studied in
Retference (14). The greatest difficulty in
calculating whether this is really a problem is
grobubly getting the subcooling correct.

BCIWH would only occur if there is
subcooled liquid in the pressurizer at the time
when it is drained in such a way that the
steam/water interface retreats into the surge
line. Itisn't obvious in what transient this
might occur, but an overcooling transient might
do it Inclining the surge line certainly
decreases the likelihood of such a water
hammer but even if the line is inclined, there
still exists a drainage velocity which can lead to
SBCIWH. A very large pressurizer, which has
other benefits too, might eliminate this
problem.

§.22 DVI Line: Inclining a nominally

horizontal pipe more than 2.4 and filling from
below are the best ways to avoid this kind of

SBCIWH. Under normal operation or for a
LOCA anywhere but in the DVI line itself, this
line should remain filled with liquid. It is not
clear, however, what the temperature of this
liquid is. 1f it is hot enough, it can flash during
blowdown and when it refills, the line could
pass through a state where it contains cold
water and steam. These are the most important
ingredients leading to SBCIWH.

If the DVI line is suitably inclined and
there is a check val' © immediately behind the
nozzle leading into tie vessel, SBCIWH may
never be a problem in this line.

If the DVI line experiences a LOCA, it
will certainly drain and refill with cold water
but the pressure level at which this happens
will be so low that the resulting SBCIWH's are
unlikely to further damage the plant. For this
component it is important to identify all the
transients which lead to voiding in the DVI and
make sure any refill with cold water occurs at a

low enough pressure such that no damage
results.

§.23 DVI Nozzle: The problem here is
very similar to the problem in the DVI line.
The geometry illustrated in Figure (5-3) is
almost identical to the geometry in the Indian
Point steam generator which experienced a
severe water hammer some years ago. Voiding
in the down comer might lead to a similar event
here. The procedures and results reported in
References (4) and (15) give ample guidance
on how to avoid this problem. Most important
is to slope the DVI line down from the vessel
dropping the DV1 line one pipe diameter or
more, in less than 24 L/D's,

§.24 ADS1.3 Sparger: The sparger and
vent line is probably the product of a lot of
development work in the past and is likely to
work as designed. Here the items to check are:
first, does it have a vacuum breaker and
second, has the system been tested over the
entire range of pressures and vapor flow rates
at which it is expected to operate? It is
ramcularly important that the chugging regime
pe amply tested. The precise conditions
leading to chugging are reported in Reference
(10). A low enough mass velocity for the
steam being released into a cold pool will
always Ieng to chugging and the system must
be designed to accommodate it..

§.258 CMT Drain: Under normal
conditions, the CMT is filled with cold water.
It is piped in such a way, however, that it
discharges into the DVI line. If the cold water
in the CMT is discharged into a partially voided
DVI line at high pressure, a serious water
hammer can result. 1 don't know if this
combination of states ever arises or even if this
is @ problem at all but it is worth looking at the
computer printouts to see if this Kind of water
hammer is ever expected to happen.

§£.26 PRHR HX: For almost any condition
which the PRHR HX is expected to operate, it
is vastly over-sized. This means any steam
which enters it will soon be condensed and the
condensate will acquire lots of subcooling.
These are exactly the conditions which lead to
SBCIWH, steam and cold water. Depending
on the inclination and transient time, the
processes in this component could also be like
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draining a line filled with cold water in it (14)
or even filling a steam filled vertical pipe with
cold water (7). In general, 1 believe these
waler hammers, if they occur, will occur with
s0 little subcooling that the pressures will not
be damaging. | think though, that the PRHK
HX's should be tested over the entire range of
flow rates, pressures, and inventories at which
it will operate in the plant to insure that we have
nut missed anything.

When the cold condensate from the
PRHR is returned to the primary, the pressure
might be high and the condensate very cold so
that « SBCIWH could occur.  Figure (5-3)
does not show how this is done but the same
cautions mentioned in the discussion of the
DV line apply here.

527 Hot Leg/Cold Leg: The hot or the
cold legs can drain and refill at a high enough
pressure so that water hammer might be a
problem. The screening criteria assembled later
in this section address both hot leg/icold leg
problem and the DVI problem in considerable
detail. | regard those three components as the
ones most worthy of our close examination,

5§28 ADSI1-3 Depressurization Valves:
The depressurization valves illustrated on
Figure (5-3) indicate no problems. Apparently
no loop seals are present and the lines can be
sloped so condensate doesn't collect. On the
assumption that this figure is not a complete
representation of the actual installation, this
potential problem is included here. The issue
that needs to be addressed is the pipe clearing
roblem.  Are there any traps or loop seals
illed with water upstream of the ADS valves?
The water in these traps mught lead to
unacceptable forces downstream of the ADS
valves when the pipe is cleared.

As it is easier to seal a valve which is
backed up with cold water than one backed up
with steam, | expect the valves are actuall
dcsi&ned with a trap upstream which fills wi
condensate under normal operation. When the
valve is opened, a slug of cold water is released
into the discharge pipe and possibly causes a
scvere fluid transient.  Section (2-9) and
references (10) and (11) will provide all the

NUREG/CR-6519 28

information needed to check the adequacy of
these ‘esigns. Programming the valve opening
cor otly, if there is a loop seal upstream
¢ unates this problem.

29 Discussion of the screening
..iteria used for SBCIWH due to the
stratified/slug transition. By far the most

rsistent steam bubble collapse induced water

mer lem is filling a steam filled pipe
with cold water. A number of components are
entially prone to this problem. At the very
east, the DVI line, the hot legs and the cold
legs are possible problem areas. A number of
conditions need to be met if such a process is to
lead to a damaging water hammer. These are
listed and described below. Most of them can
be gleaned from reference (4) or the thesis that
reference (4) is based on.  First, let us look at
the geometric conditions.

The first condition is that the pipe be
long enough. For a steam bubble collapse
induced water hammer to arise, the horizo.tal

ipe 1/D must be more than 24 Long
rizontal pipes with L/D > 24, are all prone to
this problem. Short pipes dont provide
enough inter-facial condensation area to give
rise to a sufficiently vigorous steam counter
flow to force a transition to slug flow. This
means that no bubble is trapped and no
SBCIWH water hammer oceurs,
Conservatively, water hammer will occur if,

/D > 24, (5-1)

The L/D in equation (5-1) is the number of
L/D's of horizontal pipe between components.
Bends, in a horizontal plane, don't count as a
component in this case.

A special combination of flumd
thermodynamic states, and conditions must
prevail if water hammer is to occur. The most
important of these is the sub-cooling must be
large enough. Precisely how large is
unaceptable, is not clear at this time, but
looking at a lot of water hammer data,

subcoolings less than 20° C do not often lead

to serious steam odubble collapse induced water
hammers. Many subcoolings greater than this



don't lead 10 SBCIWH either, but this is a
reasonable lower limit for water hammer to
occur.

(T,-T)>20°C (5-2)

I believe this 20° really reflects a Jakob number
criterion, but we don't have any high pressure
data to show exactly what this criterion should
be.

For a water hammer to occur the
velocity must be low enough so that the pipe
doesn't run full.  This means the Froude
number must be less than 1. In short, steam
bubble collapse induced water hammer occurs
when filling a horizontal pipe such that,

‘I
—-;—’.".-.—<I

JeD

Even though all these conditions are
met, a transition to slug flow cannot occur
unless the hquid fraction is greater than 0.2.
This means water hammer might occur if

a<08 (4-1)
The last item that should be considered
is the system pressure. If the system pressure
is low, the peak water hammer pressure
resulting from a transition 1o slug flow is also
low. is 18 because it is really the system
pressure that accelerates the slug of liguid so
the maximum velocity o which it can be
accelerated is limited by this.  Typically, for

piping which is designed to an operating
pressure  of 2000 psig." the water [:lmncr

pressure attained by a slug of water when the
driving pressure is only one atmosphere, does
not exceed the 2000 psi operating pressure
even if a water hammer occurs.  System
pressures which are appreciably greater than
atmospheric pressure are needed to give water
hammer pre:..ures which challenge the system.

Exactly what criterion should be used to
select the maximu=m aliowable system pressure
for which SBCIWH becomes a problem is not
clear. Some possibilities include:
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Yielding the pipe
Pipe motion
Valve bonnet failure
Gasket failure
Check valve failure
Pipe motion causing failure in:
® instrument lines
* PRV power lines
*  Pneumatic lines
¢  Hydraulic lines, etc.
For the purposes of this report, we'll assume
that the limit is yielding of the pipe which,
according to the calculation of Appendix A,
occurs when the systern pressure is about 150

psia.  Let us say that SBCIWH can be a
problem if,

Peystem > Prailure limit (3-3)

Piailure limit 15 evaluated and the methods

illustrated in Appendix A using the most
limiting condition out of the list of possible
failures given above.  This list is not
necessarily complete and should perhaps be
augmented to include additional possibilities.

53  Using these criteria to screen a

design: There are stull some value judgments

and assumptions that have to be in order

1o use these criteria to screen a design, This

gection will give guidance on how this is to be
one.

A finite number of transients will be
investigated using some version of RELAP.
Most of the components we are concerned with
are pipes. The five criteria summarized in
section 5.29 have to be interpreted and used in
a way which is compatible with the outputs
from the RELAP code.

Let us stat with the /D > 24
condition. However the pipe is nodalized, this
should be interpreted as the L/D of pipe that is
almost horizontal, i.e., the pipe that has a slo
that is less than | in 24. Bends in
horizontal plane should be ignored.
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The next condision is the subcooling. It

should be more than 20° C if there is to be a
water hammer. As it is proposed to be used,

RELAP does not allow vapor and subcooled
higuid 10 coexist in a single control volume.
Therefore, where vapor is present, subcooled
hquid will not be found. Though this condition
precludes a water hammer, this limitation is not
the problem that it appears to be.

The SBCIWH problem only anises
during transients, usually refilling transients.
In these we can easily imagine cold water
advancing into a horizontal pipe. At some time
during the transient it 1s almost certain that one
control volume will contain some void while an

adjoining  control  volume  will  contain
subcooled water. It is proposed that a
SBCIWH s likely to occur if there is

subcooled water in a control volume which is
next 1o one with void in a horizontal Rge
Though many of the details of the SBCIWH
process will be missed, the dangerous state and
the approximate - time and location where
SBCIWH  might occur  will  have been

identified.

Next we should examine the velocity or
Froude number condition. If the cold water is
advancing such that the Froude number in the
control volume containing the subcooled water
is greater than one, the pipe will run full and no
water hammer will occur,

The condition that the void fraction be
less than O.8 if water hammer is 1o occur is
harder to apply. My re. ommendation is to
pursue the transient a litth o nger in time, after
which the control volume eceiving the cc
water will probably show the conditions unde
which a water hammer will occur, In a word, |
suspect farling o meet the void {raction limit on
water hammer will not prevent it if the
remaining conditions are met, At some time
during the refilling process, the conditions for a
wuter hammer wifl be met and failing 1o meet
the void limit of 0.8 at one moment won't
prevent it from occurring later.
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Choonng tt;e“’;ressun below which no
Ws CIWH is 1o be expected is a
little r. lalking to people who have
operated plants, doing some order of
magnitude calculations and surveying the
licensee event reports is probably necessary to
choose a satisfactory cut-off pressure. |
believe, however, the system pressure level at
which a SBCIWH can be tolerated s

tably more than one atmosphere and
identifying this limit will significantly reduce
the amount of screening that needs to be done.
It might, for instance turn out that after the 4th
stage ADS blows, no damaging water hammer

:s possible. The pressure might well be too
ow.

By far, the most common consequence
of a water hammer is the damaging of a
snubber or p:}: hanger. Some of this may be
tolerable if event is rare enough  The
potential payoff both in terms of ease of
screening an unbuilt system and in laying out
clear instructions for the operators makes it
worthwhile to answer the guestion of what
ressure level is low enough so that water

f 18 not & problem.

If the criteria recommended in this
report are followed, | believe many more water
hammers will be predicted than will ever be
observed in the experiments. Experience may
allow us to relax these criteria. Even then,
questions as to what constitutes an acceptable
water hammer remain to be addressed.  To
answer the outstanding questions, people in
other areas like stress analysis, licensing and
operations must be involved in setting the
criteria. 1 believe, however, we now have the
tools we need to get a useful answer to the
problem of steam bubble collapse induced
water hammer in the advanced light water
reactors. If it is a concern, I'm confident that
the design and operation can be shaped so that
it 1 not a problem.



Appendix A

Calculating the allowable system pressure to insure that steam bubble

collapse induced water hammer won't lead to failure,

Introduction: The example calculation given
below is provided so that when the failure
criterion which determines the limiting water
hammer pressure (for which water hammer is
not @ problem) is identified, it can easily be
related to the acceptable system operating

ssure. As this is on}y an example, it should

stressed that the failure modes listed in
Section 5-10 should be reviewed for
completeness and worked out for several
specific systems in order to make sure that the
most limiting condition has actually been
identified.

For simplicity, we shall assume that the
limiting failure mode is yielding of the pipe due
to internal pressure. yield stress, pipe
geometry and initial conditions are as follows:

Pipe  Steel
OD = 2" T, = 50,000 psi

ID = ] 8"

f =002

Fluid conditions
To=60"F soPg =0
P, = 14.7 psia

State of the System:

As idealized in Figure (3-1),

3l

L= Ly = 48" 50 that,

a=05

We must now find the velocity of the
slug. Either the inertia or the wall shear stress
on the slug determines this limit. The inertia
limit is calculated from equation (3-2). It is,

2P, \ M
Ve —2)
: (p]

(3-2)
while the wall shear stress limit 1s calculated
from equation (3-3).

.

P %
v e . ; Ty
ﬁa f(L- "'l))pl

The smallest of these governs the resulting
velocity.

(3-3)

Equation 3-2 yields a velocity of 46.7 ft/sec
while equation 3-3 yields a velocity of 954
ft./sec. So inertia governs. See¢ Figure (3-2).
The extinguished velocity is then

AV = 46.7 fusec.
In order to determine the resulting

pressure rise when the slug of water hits the
column of water, equation (1-1) must be used.

AP = KpClAV) (1-1)
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In this equation K = | for hitting a shut valve
or blind-ended pipe; while for hitting a column
of water, such as here K = 0.5, A velocity of
sound "C" is most conveniently obtained from
Figure (A-1). For liquid water. Figure (A-1a)
is appropriate.  (For two phase mixtures,
Figure (A-1b) should be used).

In fact, selecting the appropriate sound
velocity i1s the most dubious part of this
calculation. Even a tiny void fraction, air or
vapor, can greatly uce "C". In most

experiments we have found the effective
velocity of sound in apparently subcooled
water is well below that of Figure (Al),

typically about half of that given.  Small
bubbles, most likely consisting of non-
condensable gases, always o be
present. The elasticity of the pipe contributes
too, further reducing the pressure rise.  (See
Reference 1), This reduction is about 10 to
20% for a steel pipe. For a best estimate
calculation, I'd recommend using half the value
given in Figure (A-la) for subcooled water,

For two phases, the sensitivity of the sonic
velocity for a two phase mixture to the void
fraction (or equivalently to the vapor to mixture
density ratio) is obvious on Figure A-1b.

Returning now to equation 1-1 and
using a sonic velocity of 4000 f/sec:

aP = (0.5) (B2ENER00) (4q 5

(32.2)(144)

= 1226 Iby/in’ (A-2)

A usually-conservative, easily-remembered rule
of thumb for calculating the pressure rise in a
water hammer for cold, gas-bubble-free water
in a steel pipe with the end closed s,

AP SOpsi
—_— . A-l)
AV ft/sec :

Alternatively, if we use the rule of thumb to
calculate the peak water hammer pressure,

AP = 0.5 (50)(46.7) (A-2)
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we oblain,
AP = 1167 Ibgin’

Either this o the 1256 Ihin’ is the desired
answer.
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Figure A-2.  The peak steam bubble collapse induced water hammer
pressures observed in the simulated cold leg as a function of pressure tap
location. The peak pressure for all water hammers measured in this
experiment is 1430 psi. Equation A-2 yields a peak pressure of 1527 psi.
Reference (13).
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There are some experiments to which
the above recommendations can be compared,

The first ¢ ISON Was re in Reference
(13). A calculation much like that given above
is shown along with the data in Figure A-2.

This data was taken in a small, low pressure
model of @ PWR. A cantoon showing a
schematic of the cold leg in this model where
ECC was admitted and the pressure measured
is also provided.

The most important things that we
learned from these experiments is that scatter is
always presen, that it is very large, and the
above  calculatio.  method  is  generally
conservative.  Calculating the pressure rise for
this experiment using the rule of thumb vields,

AP = 2042 psi

S0t 100 s .sln;ghlly conservative for all the
points measured.

If the study of the most limiting failure
mode shows that the motion of a pipe limits,
then the time the force acts is important too.
The time 1t acts can be estimated as twice the
transit ume of the pressure wave from the
impact front to the other end of the slug and
back 10 the impact front. A rough calculation
of this time using a sonic velocity of 4000
ft/sec yields,

zL‘

A= ——n (A-3)
C
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To measure such a brief transient requires good
instrumentation. If a lower sonic velocity is
used for the peak pressure calculation, a lower
sonic velocity should be used o estimate the
time that the pressure acts,

A second set of data is shown in Figure A-3.
The scatter here is also considerable. Using

uation (1-1), the K limit of one, and the rule
of thumb of 50 psi/(ft/sec) of extinguished
velocity, for the pressure rise (squation A-1),
the peak pressure calculated for t..2 apparatus is
calculated to be,

AP = 1723 psi.

This 1s for cold water.  This is considerably
higher than the highest data point shown on
Figure (A-3). In retrospect, omitting the
efrects of any bubbles due to noncondensible
ases originally in the steam, the reduction in
ow velocity due to the contraction at the
entrance o the tube, and the variability in the
operator valve opening time probably accounts
for both the scatter and general reduction in the
measured peak pressure from that anticipated.

When extraordinary care is taken to

define the system, reproducible and predictaile
experimental results can be obtained (17). The
Emctical problem is no one ever has enough
nowledge of the state of a real, full-sized
engineering system to allow one to make a
L)recise calculation of the severity of the water
ammer.
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