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ABSTRACT

Experimental studies using a protoypical experimental flow model of a
pressurized water reactor (PWR) demonstrate water hammer in the cold
legs due to the admission of emergency core cooling (BCC). Such water
hammer can occur in an actual PWR during reflood provided there exists a
stratified flow of steam and water in the cold legs. ™he hydraulic
conditions in an actual PWR making it susceptible to such water hammer
are postulated in this report. Calculations, based on a published
criterion for water hammer initiation, show that the amount of BOC
administered by the high pressure safety injection (HPSI) system, is not
great enough to produce liquid depths in the cold leg which can lead to
slug formation and subsequent steam bubble collapse water hammer.
However,a few water hammers can occur during FCC as the cold leg is
being refilled.

A simple analysis developed in this report calculates the water hammer
pressures possible under these postulated flow conditions. Potentially
dangerous water hammer pressures are predicted during reflood at high
system operating pressures characteristic of a small-break
loss-of-coolant accident (SB-LOCA). Similar calculations done for the
geametry of the experimental apparatus were campared to measurements
taken during water hammer.




CONTENTS

ABSTRACT . cesos0000s
ACKNOWLEDGEMENTS .

1. INTRODUCTION,
2. EXPERIMENTAL %TI'DIFS .
2.1 Description uf Fxpe rimental Apparams and
Instrumentation

1
2 Steam Generator..
3 Hot/Cold Legs..

4 KXCB....

1.
s X
eds
1

- -

xperimental Procedure ....
"low Model Test Results.

.3.1 Water Hammer During ECC
«.3.2 Water Hammer Peak Pressure Measurements.

2.4 PWR Simulation Accuracy

3. ANALYSIS...

3. .1 Background of Analysis and Criterion.
3.1.2 Simplified Analysis and Criterion

3.2 Calculation of the Peak Pressure Rise During
Water Hammer.

Flow Configuration.

3.2.1
3.2.2 Dynamics of the Plug in the C




Table of Contents (cont.) PAGE

3.2.3 Dynamics of the Water Column Issuing from
thp Mmr.'..O..l..‘.....l....l..lll ..... 22
302.40 M Wess\lre Qlculatim.... DR B N N R B B 23

4. Dlmlmlmwmm‘TSI.C.'.I....l.l..ll..‘o‘....lll.n.ll‘. u
4,1 Comparision of Calculated Water Hammer Initiation
wgmrimnml mlts.'....O.'.ll....‘......'..‘.. %
4,2 Water hammer Pressure Predictions and
mnts..‘.'.l....l.l....l..0........0‘0!0... m
5, EVALUATION OF WATER HAMMER IN A PWR DURING ECC INJECTION.. 31
5.1 systvm Statel.......O....D....0..........'0...!0..0 31
5.2 Determination of Stages of Reflood That Can
%sult in 'ater !mr'lllotlil.l...0.'.....‘..0... 33
5.3 Calculation of Peak Pressure Rise During
m'ater wr....l‘l...OOOOOOIOO'OOI........I %
6. Ws[ms....‘I...O.lll.l...l.‘lb'...l..l....’.l.'...... 47

REFm....-......;-. oooooo TR R R R RN EEREEEEEEEEE R EESS 48

vi



ACKNOWLEDGEMENTS

This report was prepared under contract with the U.S. Nuclear Regulatory
Commission, Division of Nuclear Regulatory Research. Our supervisor is
Dr. Jorem Hopenfeld.

vii



LIST OF FIGURES

FIGURE NO.

2 Mechanical Drawing of Experimental Flow
Model

3 Photograph of Experimental Flow Model

4 System State in Flow Model During BECC
Leading to Cold Leg Water Hammer

5 Test Map of Flow Model Experiments During BECC

6 Water Level in Downcomer vs. ECC Flow-rate
During Flow Model Experiments

7 Steam Bubble Collapse Water Hammer Process
in Experimental Flow Model During ECC

8 Measured Water hammer Pressures During ECC
Tests in Experimental Flow Model

9 Idealized Stratified Flow in the Cold Leg
During ECC Used to Determine the "Absolute
Stability Limit"

10 Geometric Formulae for Stratified Flow of
Steam and Water in a Circular Pipe

11 Algorithm to Calculate the "Absolute Stability
Limit" of Water hammer Initiation

12 Test Conditions that Resulted in the Initiation
of Water hammer During ECC

13 Czlculated Critical BECC Flcw Rate Necessary to
Cause Water hammer During ECC Tests as a Function
of Water Inventory in Cold Leg

14 Calculated Downcomer Water Leve' Rise in
Experimental Mode! During ECC

15 Dynamics of Liquid Plug During Steam Bubble

Experimental Flow Model

10

12

13

16

19

Collapse Water Hammer in Experimental Flow Model
16 Dynamics of Water Column From Core Vessel During

Steam Bubble Collapse Water Hammer In Experimental
Flow Model

Vil



LIST OF FIGURES (continued)
FIGURE NO., PAGE

17 Comparison of Calculated Pressure Rise
During Water Hammer to Measured Pressures 32

18 Postulated Steam Bubble Collapse Water
Hammer During BCC in a PWR (B&W plant shown) 34

19 Comparison of the Critical ECC Flow Rate
Necessary to Cause Water hammer During BCC
in a Typical Plant vs. the HPSI System Output
of a W Plant 36

20 HPSI Flow Rate Output of a W Plant 37

21 Approximate Cold Leg Water Depths During BECC
Reflood For Which Water Hammer is Predicted
in a PWR 38

22 Postulated Steam Bubble Collapse Water
Hammer During BECC in a CE-80 System Used to
Calculate the Resulting Pressures 39

23 Summary of Pressure loss Coefficients of a
Full Scale PWR 40

24 Typical Calculation of the Water Column and
Water Plug Velocities During Steam Bubble
Collapse Water hammer in a PWR 41

25 Typical Calculation of the Water Column and
Water Plug Positions During Steam Bubble Collapse

Water hammer in a PWR 42
26 Dynamics of Water Column as a Function of

Initial Water Column Length Assumed 44
27 Effect of Geomertrical Pressure Losses and Plug

Growth on Maximum Obtainable Velocity During

Steam Bubble Collapse 45

28 Calculated Water hammer Pressures as a Result
of Stream Bubble Collapse Water Hammer During ECC
in a PWR 48



NOMENCLATURE

UNITS

Cross Sectional Area of Liquid Plug (equal to A ) £12

Liquid Flow Area ft.2

Cross Sectional Area of Cold Leg Pipe £12

Steam Flow Area £12

Speed of Sound in an Elastic pipe ft/sec
Specific Heat of Liquid BTU/1bm'F
Diameter of Cold Leg Pipe ft
Pipe Friction Factor (0.02 assumed) none
Froude Number none
Gravitational Acceleration ft/sec
Conversion Constant (32.174) 1bm-ft/1b-sec”
Heat of Vaporization BTW /1bm
Al/Ap none
Total Pressure Loss Coefficient For

Liquid Plug due to Fittings, etc. none
Total Pressure Loss Coefficient For

Water Column due to Fittings, etc. none
Length of Liquid Plug ft
Mass of Liquid Plug 1bm
Mass Flow Rate of ECC 1bm/sec
Mass Flow Rate of Steam 1bm/sec
Taitel-Dukler Stratified-Slug

Flow Transition Parameter none
System Operating Pressure psi
Volumetric Flow Rate £t3/sec

Radius of Cold Leg ft




NOMECLATURE (continued)

SI Interface Perimeter of Liquid and Vapor

At a Cross Section ft
4 time Sec
1‘0 Temperature of ECC Flow 'F
Tsat Saturation Temperature 'F
\l1 Liquid Velocity ft/sec
Vc Velocity of Liquid at Overfall ft/sec
vp1 Velocity of Liquid Plug In Cold Leg ft/sec
sz Velocity of Water Colunm From Downcome - ft/sec
Vs Steam Velocity ft/sec
xpl Leading Edge Position of Liquid Plug ft
sz Leading Edge Position of Water Column ft
Y  Liquid Depth in Cold Leg ft
Y  Critical Depth ft
o Void Fraction none
o, Steam Density Tbm/f1°
o, Liquid Density 1bm/ft°

xi



1. INTRODUCTION

Since the Three Mile Island accident, much work has been performed to
understand the thermal-hydraulic system behavior of a pressurized water
reactor (PWR) in response to a small-break loss-of-coolant accident
(SB-LOCA). Because of the unforeseen complexity of the two-phase flow
in various components, large and costly system codes sometimes fall
short of accurately predicting system transient response. Scaled
experimental flow simulations such as the Full-Length Emergency Cooling
Heat Transfer (FLECHT) and Separate-Effects and System-Effects Tests
(SEASET) have been undertaken to enhance our understanding of this
problem.

From all the efforts having been devoted to this problem many peculiar
states leading to flow instabilities have postulated and/or
demonstrated. In some of these peculiar states the way in which the
entire system reacts is still not fully understood, nor have the
consequences been fully evaluated.

One peculiar state which will inevitably lead to a flow instability of
some magnitude is the injection of BCC into voided cold legs. Previous
BCC experiments conducted during the 1970's were concerned with large
break LOCAs and had the goal of insuring adaquate core coverage. Flow
slugging was observed during such tests with the resulting pressure
fluctuations considered to be within acceptable limits for plant safety.
At the same time, only minor pressure fluctuations were observed in
Semi-Scale and LOFT tests during BCC testing (1).

The consequences of admission of ECC into voided cold legs during a
SB-LOCA are greater however. Typically, a SB-LOCA is characterized by a
slow depressuriation rate so that high operating pressures can be main-
tained even though there is enough coolant loss to void the cold legs.
In addition no air will enter through the break to diminish steam
condensation rates. This combination of conditions can lead to
potentially dangerous peak water hammer pressure which may jeopardize
piant safety.

To compliment the FLECHT-SEASET experiments, a prototypical low pressure
1/15 scaled experimental flow model of a PWR was constructed and used to
simulate the injection of BECC. The goal of the testing was to determine
the type of flow instabilities possible and to understand the system
effects which govern its occurance. The results of the BCC tests are
presented in this report. These experiments demonstrated substantial
water hammer pressures in the cold legs during BCC injection.

Also in this report, an analysis of steam bubble collapse water hammer
initiation based on the work first done by Bjorge (2) is used to predict
the coolant flow rates for which water hammer could be expected during
model testing. These calculations are compared to the experimental
operating conditions during which water hammer actually occured. Then,
the possible hydraulic state of an actual PWR during a SB-LOCA making it
susceptible to cold leg water hammer due to the injection of BCC is
postulated. Calculations, based on the criterion for water hammer
initiation, are performed to determine the stages of BECC and associated



cold leg liquid depths that such water hammer is likely to occur.

An analytical model is then derived to predict the potential water
ha;mer pressures during water slug impact accounting for the inertial
and flow resistances imposed by the geometry which mey lessen the peak
pressures possible. Two sets of calculations are made. One set is for
the range of operating pressures and the geometry of the flow model.
The other set is for the operating conditions of an actual PWR,
Calculations made for the model geometry are compared to peak pressure
measurements made during water hammer. The relevance of these test
results and calculations is discussed.

2. EXPERIMENTAL STUDIES

2.1 Description of Experimental Apparatus and Instrumentation

The apparatus is approximately a 1/15 scale experimental flow model of a
2-1o0op (4 cold leg) PWR which is designed to withstand operation up to
150 psig, but generally operates below 50 psig. A schematic diagram of
the experimental apparatus is shown in Figure 1. The model is a
simulation of a PWR which is operating under natural circulation cooling
after suffering a SB-LOCA. The flow model includes the essential
components of a PWR except for a pressurizer (since it only operates at
low pressure) and circulatory coolant pumps (which are skt off under
such accident conditions.) The components of the model are constructed
of stainless steel, copper, and brass in order to minimize corrosion.
The detailed mechanical design is shown in Figure 2, and photographs of
the apparatus are presented in Figure 3. The following sections
describe each of the model's components.

2.1.1 Core

The core is a 15.5 inch by 10 inch in diameter stainless steel tank with
a downcomer annulus of 1 inch. Steam is generated in the core by eight
1690 watt electrical heaters, or is available through the use of an
external supply of steam. For BCC injection testing since the heaters
are of an inadequate capacity to maintain system pressure and
temperature, it is necessary to use the external supply of steam. Core
plenum pressure is measured and water level indicators monitor the water
level in the inner vessel and downcomer. A drain in the bottom of the
tank allows for the removal of water from the core so that quasi-steady
state operation can be simulated during ECC,

2.1.2 Steam Generator

Each steam generator is a 12.5 inch by 7 inch in diameter stainless
steel tank containing three 0.5 inch ID U-tubes that protrude from the
top of the vessel to 3.5, 5.6, and 7.4 inch heights. Fittings were
designed so that boiler glass could be installed in the bend of each
U-tube for flow visualization. Sealing is accomplished in these
fittings through the use of O-rings which have to be replaced
periodically because of wear. A bleed valve at the “op of each U-tube
allows for the removal of noncondensible gas which would diminish the
condensation rates and hamper natural circulation. There is an
additional bleed valve in the exit plenum to which each cold leg is

2
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attached. The U-tubes can be cooled by the cross flow of secondary
coolant, entering near the bottom of the vesse!l and discharging at the
top. A globe valve is used to adjust the amount of secondary coolant
flow.

2.1.3 Hot/Cold Legs

Two steam generators are connected to the core by one hot and two cold
legs made of standard 2 inch copper vipe. Flow visualization is made
possible in each leg by the installation of a 2.5 inch ID by 5 inch
sight glass or a sight window. Sight glasses or sight windows in the
cold legs cannot be used during BCC injection tests because of excessive
water hammer pressures. Pressure tap fittings made of 1/8 inch copper
bushings wer: installed along the entire length of one of the cold legs
to measure the ‘eak pressure obtainable during water hammer. A high

ce pizoelectric pressure transducer, a Kisler model 566 charge
amplifier, and a tektronics model 5111 storage oscilloscope were used to
record the pressure transient during water hammer. The taps were
installed in the bottom of the pipe to maintian a fairly constant
temperature of the transducer so as to minimize thermal drift.

2.1.4 BECCS

The emergency-core-cooling system is simulated by the injection of
coolant (water under city pressure) into each cold leg from a common
header mounted on the top of the core vessel. The header is an 8.2 inch
X 4.5 inch in diameter stainless steel tank. Flow is delivered from the
common header to each cold leg by 1 inch copper tubing which is
connected to each cold leg at a 90" angle. Valves in each line are used
to adjust the flow rate. Additional fittings are included in the header
to allow for the injection of coolant into the hot legs, however these
were not used.

2.2 Experimental Procedure

The steam supply to the core is turned on and the system allowed to warm
up so that all components are at their operating temperatures.
Generally, a warm up time of 20 minutes is allowed for this. The
secondary coolant flow is kept off so that steam may flow into the cold
legs and not be condensed in the steam generators. The pressure in the
core is then adjusted to below that of the ECC pressure by partially
opening the core drain and throttling the steam supply valve. BECC flow
is injected into the cold legs and measured by a rotometer. A desired
core pressure and BCC flow rate are sel and maintained by simultaneously
adjusting BCC, steam, and core drain flow rates. All bleed valves are
cracked open to remove noncondensibles that would decrease the steam
condensing rate and hamper flow circulation.

3team, driven by steam condensing in the coolant flow, is observed in
the steam generator U-tube sight glasses to flow from the core through
the hot legs and steam generators lo the cold legs. Water levels in the
core inner vessel and downcomer are noted.

The BOC flow rate is increased slightly, increasing the potential for a




greater steam flow, and the system is allowed to stabilize. If no flow
instabilities are observed (e.g. water hammer), the BECC flow rate is
again increased slightiy and repeated until such an occurance. Once
water hammer begins, the resulting pressures are measured at one of the
pressure taps installed in the cold leg. This procedure is repeated for
a variety of system operating pressures.

2.3 Flow Model Test Results

2,3.1 Water haimer During BCC

As the ZCC system was activated, a natural circulation of steam
developed that was driven by condensing steam in the cold legs. This
flow configuration is depicted in Figure 4. In order to achieve tnis
flow circulation, it was essential that the various bleed valves be
opened to allow non-condensibles to escape from the system. In one
particular test, the bleed valves were inadvertently left closed and the
steam condensation rates were so low that there was no steam flow
circulation at all. Despite these efforts to remove non-condensibles it
is very likely that the system contained some amount of air, since the
Steam supply typically has an air volume fraction of 1 part in 10,000.
This amount was not enough to impede circulation but could be enough to
decrease the resulting water hammer pressures.

Once flow circulation was achieved, a stratifiea flow of steam and water
existed in each cold leg, making the sytem susceptible to steam bubble
collapse water hammer. To determine when water hammer could be
triggered, a variety of system operating pressures and FCC flow rates
were tested, as shown in Figure 5. Each test conducted is denoted by a
particular symbol and the operating conditions for which water hammer
was first observed are specified. No firm conclusions can be drawn from
this graph, except that at high pressures water hammer occurred within a
small range of BCC flow rates.

During all testing, the water inventory in the core inner vessel was
maintained at a low and fairly constant level, The water level in the
downcomer, however, uncontrollably rose above that in the inner vessel,
behaving as a manometer to balance the pressure drop of the circulating
steam. As the ECC injection flow was increased inducing a greater steam
flow, the water level in the downcomer rose even higher. Water hammers
were observed at approximately the same time as when the water level in
the downcomer rose high enough to impede the free overfall of BCC into
the core vessel. Figure 6 shows a plot of EOC flow rate vs. downcomer
water level for two test runs during which there was a large difference
in BOC flow rate prior to water hammer. As shown, water hammer occurred
when the downcomer became full, and at no other time. Once the
downcomer became filled to the level of the cold legs, the water depth
in the cold legs would rise, decreasing the steam flow area. At a
particular depth in the cold leg , a critical steam velocity leading to
slug formation is achieved. This traps a steam bubble which collapses,
resulting in water hammer.

Water hammers were heard in each of the cold legs throughout . test run
and different components of the system would be rattled by the resultant
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pressures depending on the leg in which water hammer occured. However,
it was very difficult to distinguish which of the four cold legs were
hammering or to positively define any relationship between occurances in
each of the legs. Though the water hammer occured in all legs, one was
chosen fr the measurements because it appeared to be most prone to the
hammers.

Once water hammer started, it could be maintained by draining water from
the core and enabling the cold legs to remain somewhat voided. During
successive water hammers, the water level in the core inner vessel fluc-
tuated due to the continued entrainment of water into the cold legs
during steam bubble collapse and expulsion of water after slug impact.
The steam flow also varied, as observed in the sight glasses in each
U-tube. When a water hammer occured in a particular cold leg, the
resulting pressure wave would stall and reverse the steam flow in the
corresponding steam generator. This happened momentarily until
stratified flow conditions were reestablished in that cold leg. Steam
would then proceed to flow in its original direction.

Since the flow was not visualized in each cold leg, the exact location
of liquid slug formation was unknown. However, the most likely place
for a slug to form is at the vicinity of discharge from the steam
generator for the following reasons. The steam velocity is greatest
here and the steam flow hits the water at an angle enhancing wave
formation on the water interface, thus increasing the possibility of
slug formation. Once the liquid slug forms, the steam bubble collapse
process is presumed to occur as shown in Figure 7. The water plug and
water column from the reactor vessel both having high pressure acting on
one side, move rapidly into the void and then collide, producing a
substantial pressure pulse.

2.3.2 Water hammer Peak Pressure Measurements

The pressure spikes produced during water hammer were measured along one
of the cold legs in an attempt to measure at the point of slug impact
and establish the severity of the water hammer pressures (See Figure

8). One cold leg was chosen for these measurements because it appeared
to always produce water hammer throughout ECC injection testing. A more
concentrated effort was devoted to obtain a large amount of data at
those points where violent water hammer pressures occured most
consistently. The pressure transducer was moved around in a search for
the location at which the hammers were most frequent and violent. They
were then left there. locations where less frequent and milder water
hammers occured were studied less diligently.

Generally, the greater the system operating pressure, the more violent
the water hammer., Highest peak pressures were measured near the point
of BOC injection suggesting slug impaction occured in this vicinity.
The highest pressure measured was 1430 psi at the operating pressures of
30 and 40 psig.

2.4 PWR Simulation Accuracy

The experimental flow model woes differ in some ways from an actual PWR
11
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which are relevant to the interpretation of the ECC injection testing.
One dissimilarity is that the flow model does not have cold leg loop
seals which may all become plugged during a S3-LOCA. If plugged, there
would be no direct flow path for steam from the steam generator, as
observed in these experiments. However, the loop seals need not all be
plugged depending upon the events of the accident. There are also
alternate steam flow paths which can result in a stratified flow of
steam and water in the cold legs. For example, in a B & W reactor, a
steam flow path can be available directly from the core through the vent
valves. This bypass is present because the h~i leg is not welded to the
core-barrel assembly. To make repairs to the internals of the
core-barrel assembly, the capability must exist to lift the assembly out
of the vessel. Thus, the hot leg fits snugly against the core-barrel
assembly but a bypass flow passes directly from the downcomer to the
upper plenum during steady-state operation (3).

BCC was injected into the cold legs at a 90" angle rather than at 60° as
it exists in the actual system. This changes the local liquid depth in
the cold leg near the injection point and some of the intricacies of the
steam water interface. However, as long as the coolant is being
injected from above the cold leg, prototypical steam condensation rates
are achieved.

3. ANALYSIS

3.1 Criterion fo~ Water hammer Initiation

An analyt cal model was developed and used to predict critical BCC flow
rates that could result in water hammer. This model was used to compare
with model test results and to predict possible occurance in an actual
PWR,

3.1.1 Background of Analysis and Criterion

Bjorge (2) developed a one dimensional flow model Lo describe the ini-
tiating mechanism associated with steam bubble collapse water hammer in
a pipe containing steam and subcooled water. Using the stability
criterion proposed by Taitel and Dukler (4) for the transition from
stratified to slug flow, he was able to predict and verify
experimentally the water flow rates which would cause water hammer. His
analytical model first solved numerically for the one dimensional flow
conditions in a pipe containing subcooled water and condensing steam.
Tien, by calculating the Taitel-Dukler criterion along the length of the
pipe, the possibility of slug formation and subsequent water hammer
could be determined. The "metastable limit" of water hammer initiation
was defined as the minimum water flow rate necessary to satisfy Lhe
criterion at any position in the pipe.

Also defined in his thesis was an "absolute stability limit" which is a
more conservative prediction of water hammer formation. This stability
1limi+ is defined as the minimum liquid flow rate necessary to satisfy
the Ta.tel-Dukler criterion, assuming that the subcooled liquid entering
a pipe is immediately heated to saturation temperature by the amount of
steam flow necessary to accomplish this. Thus, a constant steam flow
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rate and saturated liquid temperature are assumed at all cross sections
along the length of the horizontali pipe.

3.1.2 Simplified Analysis and Criterion

The analytical model developed in this study folliows the "conservative
approach” and the equations developed besically foliow the methodology
deveioped by Bjorge, with some simpiified assumptions. A stratified
fiow of steam and water exists in the cold leg as a resuit of ECC
injection, as shown in Figure 9. The mass fiow rate of steam is
considered to be an amount necessary to achieve thermali equilibrium,

e.g. complete mixing:

m_ = m._C {T. - T.) (3-1)

It should be recognized that this steam flow rate is an upper limit. 1In
general, some subcooling remains in the water and the steam flow rate is
less. The water levei in the coid leg is controllied by the free
overfail of water (m_. + m.) into the downcomer. If the water level in
the downcomer reacheS§ the height of the cold legs, then this will govern
the water level ia (he coid ieg. When free overfaii condlitlions exist,
then the iiquid depth and flow rate in the pipe are reiated by the
requirement that the specific energy of the fiuid (that is the kinetic,
plus potential energy) is at a minimum at the overfail and the Froudc
number is equal to 1. That is (1/2/gD) = 1. For a circular pipe, Chow
(5) gives a reiationship developed by Braine (6) in Engliish Units for
criticai depih as a function of voiumetric flow rate.

Eq. 3-2 is the critical depth for a Froude number of 1 evaiuated for a
circular pipe.

Y, = 0.325 (@/D,) 2/ + 0.083 D (3-2)
Eq. 3-2 is appropriate as iong as the dimensioniess depth iLies between:

0.3 Y./p_ 0.9 (3-3)

For the case of horizontal pipe flow, using the methods customary for
open channel flows (5) one assumes an energy coefficient equal to 1.
Since the specific energy of the fiuid is at a minimum at the overfall,
the veliocity at the overfall is given by:

2 -
vc = ch (3-4)
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The specific energy is thus the sum of kinetic plus potential energy or

= 3 ("5
E §Yc = 3-5)

Neglecting frictional losses in the pipe, the total energy remains con-
stant throughout the pipe and thus at the ECC injection point:

Y+ v, 228 = 3, (3-6)

v 2/23 is generalliy small compared to Y, thus the maximum iiquid depth
1& the pipe is given by:

.3 (3-7)
Y =37

This is a welil known resuit for open channel flows and appears in most
texts on the subject.

As previously discussed, water hammer is initiated when the fiow regime
changes from stratified to siug fiow and the Taitel-Dukier criterion can
be used to predict this occurance. Flow transition is predicted when
the Taitei-Dukler number is at least equal Lo unity where:

1- v‘2 Fr .
N = a 83 S (3-8)

D a P 2 e Lo .
1 V1 (1-\/00)

Eq. 3-8 can also be expressed as:

TP . 5T b Vs~ (3-9)

R A1 (I-Y/DO)”
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Figure 10 shows formulae used to calculate the necessary geome.ric para-
meters and the velocity of steam is given by:

For a given ECC fiow rate, Eq. 3-1 is us2d to calculate the steam mass
fiow rate, Eq. 3-2 and 3-7 used to calculate the critical depth and
liquid depth in the pipe respectively, and with the necessary geometric
calculations, Eq. 3-9 used to determine if water hammer wiil occur.

A computer program was writien to impiement the equations and iterate on
the criticai ECC fliow rate necessary to makXe the Taitel-Duklier number

(NTD) just equal to unity, the onset of water hammer. Figure 11 shows
the algorithm used in this program.

L J
3.2 Calculaticn of the Peak Pressure Rise During Water Hammer

A simplified analysis was used to calculat2 the magnitude of the
pressure spike as a result of cold ieg water hammer during ECC in a PWR
and in the model geometry to use for comparison with the peak pressure
measurements made during water hammer. Previous work has been dcne on
steam bubble collapse water hammer, and pressure measurements have Deen
con?ucted under much more controiled experimentation (7). The model
develioped here is not intended to duplicate or improve any work that has
8 lready been done, but rather to define a simpie model that describes
the likely flow configuration during steam bubble collapse accounting
for the mechansims which have a calculable effect on the peak pressure
obtainablie during water hammer.

3.2.1 Flow Configuration

The scenario of events leading to water hammer during ECC cold leg
injection in the model geometry have been discussed in Section 2. As
previously stated, a likely piace for a siug to form in the flow model
geomeitry is at the vicinity of discheiy from the steam generator. This
traps an amount of steam of length oz imately equal to the length of
the cold leg. When the steam bubl ¢ 1) opses, the water piug and water
from the reactor vessel move r v to the void and collide,
resulting in an impact pressur : figure 7 depicts this series of
events.

3.2.2 Dynamics of the Piug in the Colid Leg
To obtain the impact velocity, the dynamics of the water plug that forms
in the cold leg are calculated by applying Newton's Second Law of

Motion. On this basis, the following simplifying acsswmptions are made:

a) System pressure acts on one side of the iiquid piug and zero
pressure exists inside the steaxr bubbie upon collapse. (The
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non-condensible gas pressure is essentially zero if a water
hammer is to occur because if it were significant the
condensation rate would be very much reduced. Similarly,
the saturation pressure at the temperature of the BECC is
negligible compared to the system pressure.)

The mass of the liquid plug increases as it accelerates

through the void by entraining the water that is below the
void.

c) The motion of the plug is retarded by pipe friction and
momentum loss mechanisms. For reasons, which we still don't
understand, condensation is an exceedingly rapid process so
that almost a step reduction in pressure occurs when the
condensation event is indiated.

Accounting for the change in the mass of the plug as a function of time
assuming the added mass is initially at rest, Newton's Second law for a
control volume traveling with the plug, becomes

To obtain Eq. 3-12 from Eq. 3-11 one evaluates the pressure drops from the
fittings in the pipe and adds to this the pressure difference evaluated
from the momentum equation. One then solves the resulting equation for
(dvpl/dt) and divides through by (m/gc).

Eq. 3-13 below is the continuity equation and relates the advance rate of
the front of the slug to the velocity of the slug. Egs. 3-14 and 3-15 are
geometric conditions.




The rate of mass increase of the liquid plug is accounted for by
adjusting the size of the liquid plug by the amount of liquid the plug
sweeps up as it traveils through the void (Kp is the portion of the pipe
area which is water). Jn the absence of assumptions (b) and (c) Eq.
3-11 reduces to the calculation of the velocity of the plug based on
conservation of energy (so “hat the final kinetic energy is equal to the
PV work doen by the condensing bubblie. That is

where Xpi is equal to the length of the trapped steam bubble.

Eq. 3-12 shows that the maximum obtainabie veiocity is limited by the
liquid plug growth and frictional/momentum change lLosSses. For any
calculation, an inital plug length must be known or assumed and is
important in determining the time it takes for the piug to reach its
maximum or terminal velocity. When substantial flow resistances are
present in the system the impact velocity and thus the calculated
pressure spike are not sensitive to the initial piug size as long as
impact occurs when the plug has obtained a terminal velocit nce this
velocity is limited by the factors previously mentioned. T
differential equations of motion, being non-linear, are solived
numerically by Runga-Kutta to determine the leading edge position and
velocity of the pilug as a function of time.

3.2.3 Dynamics of the Water Column Issuing from the Downcomer

The water column that fiows from the core's downcomer during steam
bubble collapse is ideaiized as shown in Figure 7. The static pressure
at the downcomer exit acting on the water column 1is calculated from
Bernoulli's equation accounting for exit loss effects. Then, making the
rest of the same assumptions as in Section 2, the following equations




are obtained:

av. . Pg_ ve. £ Ve, i
B2 & 2k - (19K, ,#2K ) B . S (3-17)
dt ?1%p2 W P 2D,

dx (3-18)

Assuming the flow is originating from a pienum, an effective additional
water column length was assumed. This is equal to a column liength of

D /4. This accounts for the additional kinetic energy the liquid in the
vicinity of the cold ieg discharge into the down commer. That is

D
. (3-19)

Effective Water Column Length =
1

As wili be shown, the terminal velocity is not very sensitive to the
choice of effective column length. These equations are again solved
numerically.

3.2.4 Peak Pressure Calculation

A Conservative calculation for the water hammer peak pressure asumes tLhe
plug velocities are extinguished upon impact. The pressure rise is then

calculated by:

oy (V53*V5p) € (3--0)
gC

The impact velocities V. and V, of each liquid piug are determined by
solving the piug dynamié equatgons as outlined in sections 2 and 3. The
impact velocity is determined at the time which both plugs engulif the

entrapped steam bubble.

Negliecting walli friction and momentum changes as compared to the various
pipe fiow resistances due to berds, area changes, water level in the
pipe, etc... which are generally much greater, the obtainable velocities
of the 1iquid piug and water column as calculated from Eq. 3-12 and 3-17
are as follows. (It is assumed, as before, that P bubble =0).

= 1 28 P (3-21)
pl Kt1+“Kp o1
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The difference between these two equations arises because of the dif-
ference in the assumed static pressure acting on the plug versus the
water column. In essence the two water slugs are accelerated up to the
velocity at which the pressure loss iu the fittings equals the driving
pressure for each pliug. These equations can be used to calculate the
potential impact velocities. They provide consistant answers with
calculations made by solving the differential equations when the liquid
pilug and column are restricted by the factors mentioned and the trapped
steam bubble is sufficient in length as compared to the initial plug
size as can be asgertained by Eq. 3.16.

4. DISCUSSION OF RESULTS

4.1 Comparision of Calculated Water Hammer Initiation to Experimental
Resuilts

Figure 12 shows those test conditions for which water hammer was
observed. As discussed prviousiy, water hammers always occurred at ECC
injection flow rates when the water level in the core vessel downcomer
rose high enough to prevent a free overfall of coolant into the
downcomer annulus. This level controlled the liquid depth in the cold
leg. Therefore, the critical steam velocily necessary Lo initiate water
hammer was acheived at a lower ECC injection flow rate (or lower steam
flow rate) than if free fall conditions had prevaiied at exi! from the
cold leg.

Figure 13 is 2 calculation of the ECC fiow rate expected to result in
water hammer depending on the water level in the cold leg using the flow
transition criterion of Taitel and Dukler as discussed in Section III
and assuming thermal equilibrium. Typically, the ECC water temperature
was in the range of 80°p - 120°F depending on the extraneous sources of
heating in the laboratory, so an average ECC temperature of 100°F was
used for this calculation.

Based on the typical ECC fiow rates for which water hammers were
observed, this calculation implies that the cold leg was appoximately
half full when water hammer occured. Although the exact water level in
the cold leg was not measured during water hammer, the water level gauge
in the downcomer did extend to approximately the center line of the cold
leg and was completely fillied prior to water hammer formation.
Therefore, this calcuiation is consistant and fairly reasonable. The
actual water depths would have to be at least that given by Figure 13
and most likely somewhat higher depending on how close the actual steam
fi is to the amount necessary to achieve thermal equilibrium.
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The pressure drop of the circulating steam was calculated in order to
provide an explunation for the degree of water level rise in the
downcomer during the admission of ECC. Figure 14 shows the calculated
pressure drop as a function of the ECC injection fiow rate and amount
of subcooling assuming condensation rates necessary to achieve thermal
equilibrium. These resuits do explain the hydrauiic fiow conditions
observed. The pressure drop as calculated can be great enough to cause
the water level in the downcomer to rise to the height of the coid legs
(approximately 7 inches). The major portions of this pressure drop
are primarily the pressure drop through the three 1/2 inch ID steam
generator U-tubes and secondarily, the pressure drop through the cold
ieg as the water depth increases. The cailculated pressure drop,
however, is somewhat greater than that measured by the water level rise
in the core downcomer. This in all ilikeliyhood is due to achieving
steam fiow rates iess than that amount assuming thermal equiliibrium.

In any event, the trends abserved during experimentation are consistent
with this anaiysis. In fact, the ECC flow rate for which the water
ilevel in the core downcomer rose high enough to block the free overfall
of coolant into the core and that predicted to produce such a
circuiating steam preséﬁre drop are lower than the ECC flow rate
necessary to produce liquid depths to cause water hammer with a free
overfall boundary condition. For exampie at a system operating
pressure of 30 psig an{ ECC coolant temperature of 100°P, the ECC
fiowrate would have to be at least 0.21 1bm/sec per lLeg in order to
cause such "Bjorge-type'" water hammer.

In summary, the model test results show that water hammers can occur
during cold l1eg ECC injection as the water level in the cold leg
becomes high enough, resulting in the formation of a iiquid piug that
traps a steam bubbie. This occurred during experimental testing when
the water level rise in the core vesel downcomer that balanced the
circulating steam pressure drop governed the water level in the coid
ieg. The experimentai flow model geometry is such that this phenomenum
occurred prior to acheiving ECC flow rates that could also lead to
water hammer formation as predictabie from the anaiysis of Bjorge.

4.2 Water Hammer Pressure Predictions and Measurements

The equations descri '‘ed in Section 3, using the pressure lLoss coeffi-
cients applicable to the geometry were soived numericaily. Figures 15
and 16 are the result of a typical calcuiation for an operating
pressure of 40 psig which shows the position and veliocity as a function
of time for the liquid piug assumed to be formed in the cold ieg and
the column of water expected to be entrained from the core vessel
downcomer. The water level in the coid ieg during water hammer was
unknown so a liquid depth of 1/2 the diameter based on Figure 13 was
used.

The impact velocities of the plugs are determined when the sum of the
leading edge position travelied by both piugs is equal to the length of
the trapped steam bubbie (in this case, the entire length of the cold
leg). Based in the initial plug lengths assumed, the liquid piug
transients are very short in duration and therefore, the impact
velocities are calculated to be the terminal or maximum obtainable piug
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velocities.

The impact pressure is calculated by Eq. 3-20, assuming a speed of
sound in an elastic pipe of 3900 ft/sec. Similar calculations were
made for other pressures and then water hammer pressure rise was
piotted as a function of the experimental model operating pressure and
compared to the highest pressure measurements taken. See Figure 17.
The highest measured pressure spike 29% of the calculiated pressure (@
30 psig) for the case of the liquid plug hitting the moving column of
water from the downcomer. The greatest pressure measured even fails
short by about 50% of the potential ressure rise possibie neglecting

the velocity of the water column from the downcomer, as shown in Figure
A7.

The fact that the measured pressure spike is less than the calculated
value is not surprising since many factors may contribute to reducing
the peak pressure spike measured during water hammer not accounted for
in this simplie model. It is likely that the pressure transducer was
not located at the exact point of piug impact and therefore
measurements would be that of a pressure wave attenuated by pipe
frictional /momentum losses in traveling from the water plug impact
point where it was produced to the pressure transducer. Also the
pressure inside the steam bubble oniy approaches absolute zero
depending on the actual rate of steam condensation during bubble
collapse. This condensation rate is hampered for instance by the
pressure of any non-condensibles in the steam supply (typical air

voiume fraction of 10”4y 5 which evolives by dissolution from the
iliquid below the void during depressurization. The presence of any air
bubbles can also substantially diminish the speed of sound in the cold
leg from that which was assumed for an elastic pipe (3900 ft/sec). In
addition, differences between measurements and calculations can arise
due to incorrect accounting for frictional/momentum lLosses.

5. EVALUATION OF WATER HAMMER IN A PWR DURING ECC INJECTION

5.1 System State

Water hammer is expected to occur during cold ieg ECC injection in an
actual PWR system that has undergone a SB-LOCA. The state of the
system for this to occur must be similar to that model in the flow
experiments. The necessary conditions which make water hammer possibie
and may put the system in jeopardy are as follows:

1. Voided Core

The core is at least partly voided so that a stratified fiow
of steam of steam and water exists in the coid legs.

Pumps Off
Reactor coolant pumps are off such that stratified fiow
conditions are maintained.

ECC On
ECC injection system is engaged to refiood the system.







Provided that these conditions are met, the system state that can lead
to steam bubble collapse water hammer during ECC coid leg injection is
depicted in Figure 18 for a B & W piant. The system has undergone a
SB-LOCA in which there has been enough coolant loss to cause the cold
legs to be voided. The loup seal is plugged because there is no loop
circulation. As ECC is being injected into the cold legs, steam which
is present in the lines and that which can escape from the inner core
vessel through the vent valves, flows toward the points of injection.
When the water level and associated steam veiocity are such that a
iiquid piug forms, a volume of steam becomes trapped. As the trapped
steam condenses, the water plug in the loop seal and the coliumn of water
from the downcomer accelerate into the void. Upon impact, a pressure
spike is produced.

5.2 Determination of Stages of Refliood That Can Result In Waterhammer

Water hammer is inevitable for gas free steam during ECC when the cold
leg Liquid depth becomes sufficiently high enough such that a siug
forms, trapping a steam bubbie as demonstrated in the fiow model tests.
The water ievel in the cold leg depends upon the fiow rate of ECC and
the water level in the core vessel downcomer which can impede the "free
overfail" of coolant into the core. When the ECC fiow rate alone is
great enough to produce iiquid depths for which water hammer is possibie
and depending on the initial core voidage, numerous water hammers wilil
occur until the core and cold legs are refilied. A smalier number of
water hammers will occur at lower ECC flow rates when the coid leg
liquid depth increases during refiili. One severe water hammecr blow
itseif may produce immediate dynamic ioads which can iead to ductile
faiiure of ECC piping, pipe supports, or even the cold leg. However,
the greater the number of water hammers, the greater the chance that
such piping will fail at iower water hammer pressures due Lo exceeding
material fatigue limitations from successive water hammers.

The absoiute stability i1imit for a typicai PWR 28 inch I1® coid ieg was
caiculated to determine if the actual HPSI fiow rate of a typical plant
is great enough to produce the critical iiquid depths and steam veiocily
for water hammer initiation. Figure 19 shows the absolute stability
Llimit as a function of system pressure.

For a constant ECC temperature, this anaiysis shows that as the
operating pressure is increased, the critical fiow rate necessary Lo
initiate water hammer decreases primarily because of the greater amount
of subcooling (for fixed ECC Temperature) at higher system pressures.
This trend can be explained as foliows. For a given ECC fiow rate, as
the system pressure (and saturation temperature) increases, the mass
flow rate of steam increases proportionaiiy to the amount of ECC
subcooling. A greater steam mass fiow rate increases the total flow
rate at the overfall (m, + m.) increasing the critical depth and thus
the 1iquid depth in the coid leg. The increase in steam flow rate
combined with a higher liquid depth increases the valiue of Lhe
Taitel=Dukier parameter more than the density change of steam decreases
its value. The net effect is that it takes a lLower ECC fiow rate to
produce a vaiue of N equal to iI. This is not necessarily a universal
truth, but it depends on the system too.
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In this figure a comparision of the absolute stability i1imit is made to
the HPSI flow rate of a typical plant, Miilistone 3 (from Figure 20).
Millstone 3 is a 4 loop, 4 steam generator Westinghouse unit that has 3
charging pumps and 2 safety injection pumps that can be active during
HPSI. As shown, the maximum fiow rate (run of fiow) of the 5 pumps is
less than needed to initiate water hammer as caiculated by the absolute
stability. At high pressures, the pump output is less than the runout
flow and absolute stability limit which was approximated as shown in

Figure 19.

The absolute stability limit is aiso greater than the runout flow rate
from the high pressure injection system HPIS of a CE plant. The CE-80
reactor system has 4 HPIS pumps with 2 considered operabie at any one
time. Even if 4 are on, the run out fiow rate is 65 ibm/sec per leg
which is less than the absoiute stability iimit (9).

The water depth needed to initiate water hammer, assuming the injection
fiow rate as a function of system pressure as approximated in Figure 19
and a proportional flow rate of steam necessary to achieve thermai
equilibrium was caiculated. Figure 21 shows the resuit of this
calculation as a plot of the percentage of flow area occupied by the
liquid vs. system pressure. It is expected that for these water leveis
during refiii water hammer can first occur.

In summary, the analysis shows that the HPSI system coolant flow rate is
not great enough to cause a coid ieg water hammer when there is a free
overfail of coolant into the core vessel. However, during refill, water
hammers are inevitabie although they may be fewer in number. The first
occurance of water hammer can be when the water level is as low as that
given by Figure 21.

5.3 Caiculation of Peak Pressure Rise During PWR Water Hammer

The potential water hammer pressures as a result of stcam bubble
collapse water hammer during ECC refiood were caiculated for a typical
reactor coolant system following the methodology described in Section
III. The configuration choosen for this study was a CE-80 reactor
coolant system which has a loop seal of approximateliy 27 ft in length
(See Figure 22). The differential equations describing the motion of
the Liquid piugs from the downcomer and lLoop seal during steam bubbie
colliapse were solved for a variety of system operating pressures.

Figure 23 summarizes the appropriate frictional/momentum loss
coefficients for the full scale geometry. The lLoss coefficient for fiow
through the reactor cooiant pump, approximateiy 10 velocity heads, is
for a pump with a locked rotor. Although the pressure drop actually
decreases as the rotor is spinning up, the time it takes for this to
happen is much greater than the time duration of the steam bubbie
collapse so that a constant pressure drop approximation is adequate.

For simpiicity, it was assumed that the pipe was haif fulil of water upon
steam bubbie collapse which is approximately correct over a good range
of operating pressures as indicated in Figure 21. A typical calculation
of the leading edge position and velocity of each plug are piotted as a
function of time for 1500 psig operation as shown in Figures 24 and 25.
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The trapped steam bubbie was assumed to extend from the reactor vessel
to the reactor coolant pump (approximateiy 22 ft). Similar to
calculations made in the model geometry, impact was assumed when the sum
of the distance traveled by both piugs equais this amount.

The core liquid pliug transient as calculated is very short in duration
because the assumed initial piug iength is very small and therefore at
impact, the plug has reached its maximum or terminal velocity. Figure
26 shows the effect in choice of initial water coiumn length on the
calculated terminal velocity. As shown, the obtainabie velocity (and
thus potential pressure rise during water hammer) is fairiy insensitive
to the initial water coiumn length for this case because Lhe obtainabie
velocity is iLimited by the various fiow resistances and column growth.
The effect of the various factors which iimit the obtainable veiocity of
the liquid coiumn are iilustrated in Figure 27. As shown, in the ideal
case, the veiocity of the coiumn approaches that calculated by Bernouiii
equation.

Upon impact, the caicuiated veliocity of the lLoop seal plug is approxi-
mately 1/2 of the piug ®rom the core and the resuiting pressure spike as
calculated increases substantially over what is calcuiated neglecting
the velocity of the piug from the Loop seal. Figure 28 gives the
potential pressure rise during water hammer as a function of system
operating pressure. Even when the velocity of loop seal piug is
neglected a substantial pressure rise is predicted due to the impact of
the water coiumn on the piug of iiquid from the Loop seal. For this
case, the impulse wiil act over 11 miiiiseconds, the time for a wave to
the lLength of the coid iLeg between the pump and core and return.
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CONCLUSIONS

1,

Simulation of BECC in the experimental flow model has
demonstrated steam bubble collapse water hammer when the cold
leg water depth became great enough to result in a flow
transition from stratified to slug flow,

[n an actual PWR, the BECC flow rate injected by the HPSI system
produces cold leg water depths which are too low to produce
"Bjorge Lype" water hammer.

However, water hammer in each cold leg is inevit. when the
downcomer fills up to produce the necessary cold leg liquid
depths to result in a transition to slug flow. During this
stage of reflood, only a small number of such water hammers can
even occur,

A system having undergone a SB-LOCA characterized by high system
operating pressures and gas free steam has the greatest
potential for damage duriag such water hammer,

The greatest peak pressures measured in the flow model, which
were near the point of ECC injection, were 1/2 of what is
calculated assuming the incoming water column from the core
downcomer has negligible velocity.

Measurement limitations as discussed in this report, and factors
such as the presence of non-condensibles, can account for the
discrepancy between peak pressure measurements and calculations
as well as the conservatism of the calculaton.

In an actual PWR the precise details of the location and
magnitude of the resulting pressures are truely unpredictable,
However, bounding estimates can be made. The calculation scheme
used in this report, though a simplificaticn of the actual
phenomenon, provides an upper bound valve of the peak pressures
possible as a result of such water hammer.
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Experimental studies using a protoypical flow model of a pressurized water reactor (PWR)
demonstrate water hammer in the cold legs due to the admission of emergency core cooling
(ECC). Such water hammer can occur in an d@ctual PWR during reflood provided there existg
a stratified flow of steam and water in the eold legs. The hydraulic are postulated in
this report. Calculations, based on a published criterion for water hammer initiation,
show that the amount of ECC administered by the high pressure safety injection (HPSI)
system, is not great enough to procduce liquid depths in the cold leg which can lead to
slug formation and subsequent steam bupble collapse water hammer. However, a few water
hammers can occur during ECC as the cgld leg is being refilled.

A simple analysis developed in this peport calculatesthe water hammer pressures possibld
under these postulated flow conditigns. Potentially damgerous water hammer pressures arg
predicted during reflood at high syStem operating pressupes characteristic of a small
break loss-of-coolant accident (SBFLOCA). Similiar calculations done for the gecmetry

of the experimental apparatus werg¢ compared to measurements taken during water hammer.
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