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ABSTRACT

This report describes the methodology for calculating the
loads on the boundaries of a pressure suppressicn pool due
to safety / relief valve actuation. The methodology is applicable
to Mark I plante equipped uith T-Quencher discharge devices.

Model predictions are compared with full scale in-plant and
1/4 scale test data, the latter covering the range of the
important parameters for Mark I plants.
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NOMENCLATURE

SYMBOL DESCRIPTION

A Flow area

A Fool area per quencher

G Mass Flux

G,9 Initial mass flux

G, Maximum mass flux

H Pool depth

h Enthalpy

h Stagnation enthalpy

L, Quencher arm length

L Length of perforated portion of quencher armg

M Molecular weight

m Mass

m Total air mass per bubble

Number of moles or polytropic exponentn

P Pressure

P Bubble pressure
B

P Maximum interface pressure

P Reference pressure

P, Absolute pressure at the level of quencher arm centerline

R Gas constant or bubble radius

R Universal gas constant

R Torus major radius

T Temperature

T Initial air temperature1
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NOMENCLATURE (Continued)

T, Air temperature inside the quencher arm

T Pool temperaturep

t Time

t Time at which flow is choked

t Reference time

t Water-clearing time

V Volume

V Average speed

v Specific volume

X Mean of x's

Z Bubble elevation

Subscripts

a Air

b Bubble

g Vapor

p Pool

r Reference

s Steam

w Water

we Water clearing

t Temperature

x Length
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NOMENCLATURE (Continued)

Greek Letters

a Azimuthal angle

8 Polar angle

A Scale factor

o Standard deviation

p Density
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1.0 INTRODUCTION

1.1 SCOPE

This report describes the analytical model developed by the General Electric

Company for calculating torus shell pressures in Mark I plants due to

safety / relief valve (S/RV) actuation. This model is applicable to Mark I

plants equipped with the T-Quencher discharge device shown in Figure 1-1.
The analytical model provides pressure-time histories for any number of

locations on the torus shell, as well as the time dependent dynamics of the

S/RV air bubbles.

1.2 SAFETY / RELIEF VALVE DISCHARGE PHENOMENA

When a safety / relief valve (S/RV) is actuated, the following sequence of events
takes place.

1.1.1 Water Clearing

Prior to valve actuation, the S/RV discharge line contains a mixture of air and

water-vapor. The submerged portion of the line is normally filled with water.

When the valve is actuated, the flow of steam into the lines causes rapid

pressurization of the gaseous contents of the line and acceleration of the

water column. The water is expelled from the line in less than half a second

after the valve opens.

1.1.2 Bubble Formation

The gaseous contents of the S/RV discharge line follow the water into the
pool. As the compressed air is expelled from the pipe, it forms bubbles which

expand by accelerating the surrounding water. The momentum of the water causes

the bubbles to expand beyond the equilibrium pressure; 1.e., the bubble

pressure drops below the local hydrostatic pressure. The magnitude of this

1764 I8I
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underpressure depends on the initial bubble pressure and diameter, the duration
of the discharge and on the energy flow rate into the bubble. The duration of

the discharge and the energy flow rate depend on the discharge device

employed. Ideally, the mixture is cooled down to the pool temperature and

is introduced gradually into the pool.

1.1.3 Bubble Oscillation

When all the air is out of the line, the bubble formation phase is complete and

the bubble oscillation phase begins. At this time, each bubble is at its maxi-

mum size and minimum pressure, which is below the local equilibrium pressure.
TP9 low pressure region created by a bubble causes the surrounding water to

accelerate toward the center of the bubble. As the water moves inward, it

compresses the bubble until the pressure is high enough to halt the inward
motion. The bubble then expands again and a new cycle of oscillation begins.

These expansions and contractions create oscillating pressure and velocity fields
in the pool. The pressure magnitude decreases with distance from the center

of the bubble and with time. As the bubble rises due to its buoyancy and as

it dissipates energy by various mechanisms, local pressure magnitudes decrease
and finally become negligible when the bubble reaches the surface of the pool.

1.1.4 Steam Condensation

After the discharge line is cleared of water and air, steam discharge begins.
Steam condensation is generally smooth and the pressure oscillations assoc-
iated with it are of low magnitude. This phase is not addressed by the

analytical model described herein.

1. J . 5 Valve Closure and Reflood

Steam condensation in the pool continues until the relief valve is closed
manually or a preset vessel pressure is reached, at which point the S/RV
automatically closes and the flow of steam through the S/RV stops. However,

steam condensation at the steam-water interface continues and causes rapid

\164.\o2
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i

depressurization of the discharge line. The reduced line pressure thus created
causes the water to move up the discharge line and the air from the drywell to
flow in through a vacuum breaker that is installed on each S/RV line. The

vacuum breaker closes when the pressure in the discharge is equalized with
the drywell pressure. The flow of water toward the S/RV compresses the

mixture of air and steam until the water column motion is halted and then
reversed. After several oscillations, the water level gradually settles at
the equilibrium level. But the composition of the gaseous contents of the

discharge line keeps changing as steam condenses and is replaced by air coming
through the vacuum breaker. Eventually, a steady state is reached where the

partial pressure of the steam in the line reduces to the vapor pressure
corresponding to the mean temperature of the air.

Should the S/RV be actuated before steady state is reached, the resulting
pressure, both in the discharge line and in the pool will be different from
the steady state case. The difference is due to higher temperatures and the
amount of steam in the line.

1.2 THE T-QUENCHER

The T-Quencher is an S/RV discharge device developed by the General Electric
Company (see Figure 1-1). The main features of this new discharge device
are:

a. Low air-clearing wall pressures. The four-hole fields (A, B,

C, and D on Figure 1-1) are designed to give a uniform and
gradual discharge of air over the quencher arms. This, plus

the cooling of the compressed air, lead to much lower bubble
and shell pressures than would be obtained if the air were intro-

duced into the pool suddenly and in the form of one large bubble.

b. Good condensation characteristics. The large contact area between

steam and water results in effective and smooth condensation.

The details of the hole fields are shown in Figure 1-2 and a typical installa-
tion in Figure 1-3.

1764 183 1M
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The T-Quencher was first installed and tested in the Monticello power plant
in 1977. Results of that test program are given in Reference 1.

In 1978 a 1/4 scale test program was conducted to determine the effects of the
following parameters on wall pressures:

a. Steam flow-rate

b. Discharge pipe diameter

c. Discharge pipe air length

d. Submergence of the quencher

e. Distance of the quencher from the pool floor

f. Initial pipe and wetwell pressure

g. Length and geometry of the water column in the discharge line.

For the details of the 1/4 scale T-Quencher Test Program and the test results,

see Reference 2. The results of the Monticello in-plant test and the 1/4 scale
test were used to verify the analytical models described below.

1.3 ANALYTICAL MODELS

The following models are used in determining pressure-time histories for
various points on the torus shell due to S/RV air bubbles.

1.3.1 The Water clearing Model

This model describes that part of the phenomenon which starts with the opening
of the S/RV and ends when all the air is expelled from the discharge line.
A description of this model is contained in Reference 3. For the purpose of

developing pressure-time histories, only the maximum air pressure prior to

)~764 184
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discharge and the water clearing time predicted by the water clearing model
are used in the subsequent analysis. This information is used in calculating

the rate at which the air in discharged into the pool.

1.3.2 The Bubble Dynamics Model

This model describes the phenomena that take place in the pool from the time
the air discharge begins until the air bubbles reach the pool surface. It

consists of two phases:

a. Charging Phase - This part of the model describes the formation i

of the bubbles around the quencher arms. It is important to know

the rate and the temperature at which the air is diacharged. The

magnitudes of the bubble pressure oscillations depend strongly
on the enthalpy flow rate into the bubble,

b. Bubble Oscillation - Once all the air is out of the discharge
line, the bubble formation phase is completed and bubble oscillation
continues. This part of the model describes the dynamics of an
oscillating bubble in a finite pool. Bubble pressure, radius, radial

velocity and bubble elevation are calculated as functions of time.

1.3.3 Pressure Distribution Model

The pressure-time history for any point on the torus shell can be obtained
from the output of the bubble dynamics model. The dependence of local
pressures on bubble pressure has been determined empirically. The empirical

correlation is used to construct local pressure time-histories that are used
in structural analysis.

1.3.4 The Reflood Model

This model describes the hydraulic and thermodynamic phenomena that occur after
the valve is closed. It determines the water level as well as the composition
of the air-steam mixture in the discharge line as functions of time (see
Reference 4). This information is needed for predicting torus shell pressures
for the case when the valve is actuated before normal conditions in the discharge
line are established.

1764 1851-5
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2.0 BUBBLE DYNAMICS ANL PRESSURE DISTRIBUTION MODELS FOR THE T-QUENCHER

2.1 INTRODUCTION

Discharge of air from S/RV discharge line with the T-Quencher device can be
analyzed only by some idealizing assumptions. The actual phenomenon is

complicated by uneven distribution of the air between the arms, the shape
of the air-water interface, which varies with the orientation of the S/RV
discharge line, and the formation and coalescence of a multitude of small
bubbles. However, the main objective of the bubble dynamics model is to

provide the information necessary to develop pressure-time histories for pre-
determined points on the torus shell. The crucial test of the model is to
predict the correct amplitude and frequency of bubble and shell pressure
oscillations. The cnalytical model described herein predicts bubble

pressure and bubble frequency, and their variations with different parameters,
with a good degree of accuracy over the entire range of parameters encountered
in bbrk I plants.

2.2 BASIC ASSUMPTIONS

The following assumptions are incorporated in the bubble dynamics model:

There is no mixing of the initial gaseous mixture in the line witha.

the steam coming through the S/RV. This is a conservative
assumption, since any mixing of this kind will prolcng the discharge
time of the mixture and result in lower bubble pressure.

b. Air enters the pool at the pool temperature and the vapor pressure of
the air corresponds to the pool temperature. Any additional vapor

initially present in the line is condensed during the air discharge.
These assumptions regarding the air temperature and its vapor
pressure are also conservative assumptions that minimize the dis-
charge time by maximizing the air density. The shorter the dis-

charge time the higher the resulting bubble pressure.

1764 189
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During the air discharge phase, the water is discharged through thec.

quencher holes at a constant velocity. This average velocity,

corresponding to steady state, frictionless flow of water with an
upstream pressure equal to the maximum pressure at the air-water
interface is modified by an empirical coefficient as described in
Section 2.3. The maximum pressure is calculated by using the water

clearing model (Reference 3). The downstream pressure is the

pressure at the elevation of the center line of the quencher arm
prior to valve actuation. The air is assumed to be at its maximum
calculated pressure and at pool temperature. The mass flux of air

through the quencher holes increases with time until a maximum flux,
corresponding to choked flow, is reached; then it remains constant
thereafter. The form of the function describing the air mass flux

vs time was obtained empirically and is given in Section 3.2.

d. Four identical bubbles are formed per quencher. The small bubbles

on each side of each arm are coalesced into one bubble. This
assumption is supported by the agreement between predicted and
measured bubble oscillation frequencies, which strongly depend on

bubble size. The uneven clearing of the quencher arms in the real
case may lead to bubbles that are not identical in size or pressure.

However, the shell pressures can be predicted with reasonable
accuracy when four identical bubbles are assumed.

e. The initial diameter of a bubble nucleus is assumed to be equal to

the diameter of one quencher hole. The results are not sensitive to

the initial bubble nucleus size if a reasonable initial diameter
is assumed.

f. The initial bubble pressure is assumed to be the same as the maximum
air-water interface pressure calculated by the pipe clearing model.
The results are not sensitive to this initial pressure of the nucleus.

g. Air and water vapor in the bubble are treated as ideal gases.

I764 i902-2
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h. During the charging phase, the bubble temperature is assumed to be
the same as the pool temperature. After the completion of the

charging phase, subsequent expansions and contractions of the bubble

take place polytropically according to PV = constant. The

exponent n was determined empirically to be 1.2.

1. The bubbles are assumed to be spherical. This simplifying assumption

is necessary for the analytical solution of the problem.

2.3 BASIC EQUATIONS

During the charging phase, the bubble temperature is constant and equal to the
pool temperature. Bubble radius and bubble mass (both air and water vapor)
must be known to calculate bubble pressure. Following the charging phase,

the process is polytropic and the pressure is defined once the bubble radius

is known.

2.3.1 Conservation of Mass

The mass of the bubble includes the air mass and the water vapor. The air

mass increases during the charging phase until all the air is out of the line.

It then remains constant for the rest of the time. The mass of the water vapor

increases in parallel with the increase in the air mass; i.e., the bubble

remains saturated with water vapor during the charging phase. After the

charging phase is completed, condensation of vapor is allowed (due to com-

pression of the bubble) but not evaporation. Evaporation is too slow a process

and is not expected to take place instantaneously.

Bubble dynamics are determined by the rate at which the bubble is charged.
The charging rate depends on density of the air, its velocity and the flow
atea. The flow area, in turn, is determined by the water velocity through the
quencher holes, the geometries of the air-water and air-steam interfaces and

the pressure and temperature of the air in the quencher arm. The problem is

further complicated by the air forming many small bubbles before the bubbles
coalesce to form four large ones. Furthermore, the velocity at which the air

is discharged into the pool varies with time.

1764 191
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Since this phase of the problem was complex, a semi-empirical approach was
taken. The justification of this approach is that it gives results that are
in excellent agreement with measured data and with in-plant test data, over
a wide range of parameters.

During the charging phase, the mass of air in the bubble is calculated from the
following equation:

dm,
^ (~"

dt a a

Where both G and A, are functions of time.

At the beginning of the charging phase, the flow area (A,) for a bubble is
determined from the location of the air-water interface (see Figure 2-1). The

velocity of the interface is calculated from the continuity equation by
assuming the velocity of water through the quencher holes to be equal to Y

given below:

1/2p

0.00867 [ (2 (P - P,)/o ) (2-2)Y =

r

Where

(2-2a)p gLP =
g

is a reference pressure, which obeys the scaling laws (Reference 5). The term

0.00867 Po/Pr was determined empirically. Its numerical value is 1 1 for
Monticello and the 1/4 scale base case and varies from 0.6 to 1.2. The term

(2 (Po-P=)P ) is the maximum steady-state water velocity due to a pressure

difference P -P,. Equation (2-2) is significant only in that, combined with
other assumptions, it gives a charging rate that leads to correct bubble

pressure and frequency.

\16% \W
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Knowing the distribution of holes on an arm and the location of the interface,

the area A, can easily be calculated. In stage 2 of the charging phase, water,

air and steam are discharged into the pool (Figure 2-2). Locations of air-water

and air-steam interfaces must be predicted. The air-water interface is

determined as before. The air-steam interface is determined by applying the

continuity equation to the air. The amount of air left in the pipe determines

the distance between the two interfaces. Knowing this distance ard the location

of the air-water interface, the flow area A, can be calculated.

The mass flux of air (G ) is calculated from the following empirical equation:

!ao \ [t )2"
G G 1+| -1 1

- (2-3)=

a ao G t
- \am j (c),

With the constraint: G <G

Where:

* *

G P (2-4)=

ao r o

In this equation, P is in psi, G is in Ibm /sec./ft and T is a dimension-
less time:

t
"

(2-5)t =
E
r

The water clearing time (twc) is obtained from the water clearing transient
analysis (Reference 3). The reference time t is defined as:

L /g (2-6)t =
g

and obeys the scaling laws. It is reasonable to assume that the initial mass

flux is proportional to P since the density is proportional to P (absolute,g

1764 W3
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air temperature = absolute pool temperature being about the same for all cases)

and the velocity is proportional to P The dependence of G on water.
g

clearing time was determined empirically.

Eqiation (2-3) indicates that the mass flux starts at G at the beginning of

the charging phase and increases parabolically to G at the time t The.

maximum mass flux (G ) corresponds to choked flow and is calculated as

follows:

0.532 P / d (2-7)G =-

am o o

Where G , is 1bm/sec./ft ,P is in psf and T =T is in The mass flux
R.

is not allowed to exceed G The time (t ) at which the average flux reaches.

G depends on the amount of air initially in the line. This is because the
flux through a given quencher hole increases with time, so the instantaneous
mass flux for the quencher depends on how many of the holes have been dis-

charging air and for how long.

To account for the effect of air mass, t is defined in terms of this mass and

is determined empirically to be:

0.156/(m /m ) (2-8)*

t =

e o r

Where m is the total air mass in the discharge line, m is a relative mass

defined as:

P V /RT (2-9)=m
r r r r

Where P is defined by Eq. (2-2a)

(L )V =

f

T = Initial absolute temperature of the airT =

r i

1764 M4

2-6



NEDO-21878

Air mass in the bubble is calculated numerically at each time step. The bubble

radius is calculated from the equations of motion described in the following
section. The mass of the water vapor is calculated by the following equation:

Vm, B "g
=

where V s the instantaneous bu% 1e volume and v is the specific volume of
B g

saturated vapor at pool temperature.

After the charging phase is over, m, is not allowed to increase any further,
but it can decrease as V ecreases.

B

After all the air is out of the quencher, the air mass in the bubble remains

constant for the rest of the time.

2.3.2 Equations of Motion

The radial expansion (or contraction) and the vertical motion of the bubble

are described by the following equations (for derivation of these equations,
see Appendix D):

Rd1+R/2Z-R/2(H-Z)+4R/d + 1+2R/3Z-2R/3 (H-Z)

+ 16R/3d + 25/3C P-
p B

"

B+ = * E-=
=

-b/4+(Rkk/4) (1/Z -1/(H-Z) ) (2-10)

Equation (2-10) describes the radial motion of the bubble. Notice that if

Z, H and A are infinitely large and Z is negligible and 5t<<C, then
p

Equation (2-10) reduces to Raleigh's Equation; i.e.,

2
RR + 35t /2 (P - #=

B =
,

1764 195
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The vertical acceleration of the bubble is caused by the difference in the
,

average radial acceleration R and the acceleration of the apex of the bubble
(see Appendix D for derivation).

.. .. ..

Z R -R (2-12)=
y

k is different from R because the hydrostatic pressure at the apex of they

bubble is an amount pRg smaller than the average hydrostatic pressure on the
bubble boundary. It is this pressure difference that makes the bubble buoyant.
As shown in Appendix D, the radial velocity R is greater than 5 by an amount
Z. Therefore, the acceleration R can be calculated by using the followingy
equation:

1+R/2Z-R/2 (H-Z) +4R/d I + f k+E |RR 1+2R/3Z-2R/3 (H-Z)7

+16R/3d+2fi+/aCp B =P E !O~ !A E~ !P" ~

l 1 B
=

= -

\ ) | | \ /\ ) 3(R+2) \ |

- /4+R k+ | 1/Z -1/ (H-Z) /4 (2-13)

Equation (2-13) is identical to Equation (2-10) except P, is replaced by
P,+pRG and i+ is substituted for k. However, R remains the same, implying

that in spite of a different acceleration at the top and the bottom of the

bubble, the shape of the bubble remains spherical at all times.

Simultaneous solution of Equations (2-10), (2-12) and (2-13) gives the time

history of R and Z, provided PB is known at each time step. During the charging

phase, the bubble pressure is calculated from the equation of state:

P " " (-BB p

where

= m,/M, + m /M, (2-15)n
g

1764 196
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Following the charging phase, bubble pressure is calculated from the following
equation:

PV " = eonstant (2-16)

2.4 PRESSURE DISTRIBUTION MODEL

Baaed on the Monticellc T-Quencher test data, a semi-empirical model was
developed for calculating local pressure-time histories at various points on
the torus shell. The model was developed in three steps. First, the maximum

ehell pressure was correlated with bubble pressure, bubble radius and distance
between the bubble and a point directly below the center of the quencher.
The second step was to find an empirical fit to the circumferential attenua-

tion of the shell pressure for the points directly below the quencher.

Finally, the variation of pressures with the angle 8 (see Figure 2-3) were
formulated. This turned out to be dependent on the azimuthal angle a
(Figure 2-4) .

2.4.1 Maximum Shell Pressure

The maximum shell pressure depends on the product P an s inverselyBB
proportional to the distance r between the bubbles and the point where the
maximum pressure occurs. Selecting point B (Figure 2-5) as a representative

point where the shell pressure is assumed to be maximum (although the maxi-
mum may not always occur at B, the pressure at B is close to the maximum

shell pressure):

. -

L /2 +Z +Rr =
a m

. -

where R is an average bubble radius corresponding to a temperature equal to
the pool temperature and a pressure equal to the initial value of P.. It was

found empirically that the maximum shell pressure P,3 is:

4P RBB.

P =

max. r (2-17)
point B

-'
1764 197
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2.4.2 Attenuation in the Circumferential Direction

It was assumed that from point B (Figure 2-5) to a distance of 0.7L, from B
in the circumferential direction, there would be no pressure attenuation.

Beyond that point, pressures attenuated as the inverse of the distance, i.e.:

~

P for|=|R < 0.7L (2-18)P =

max max - *~ *
point B

0.7L
(~P # "P =

*

R|=|
m amax

point B- m

where R is the torus major radius.

2.4.3 Variation of Local Pressure with B

The following empirical formula describes the dependence of local pressure on 7.

( *~ * "}
P (Cos S) |rd i 1.2 Rad. (2-19)P =

|"|11.2 Rad. (2-20)p p.

max

2.4.4 Summary

Combining Equations (2-17) through (2-20), one obtains the following formulas

for calculating local pressures:

4P ( s 6) (2-21)P =
BB m

s

For

|=|R 1 0.7 L,

1764 M8
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4PP = " *
BB a m

\ / -

(2-22)

For

_|=|R>0,7L,1.2R >

(~4PP *= *BB a m

For
.

|=|>1.2 Rad.

The time dependent quantities P ' B "" * ##* "" "" * * " "8 * " *
B

dynamics model. Using Equations (2-21), (2-22) and (2-23), pressure time

histor!.es for various points on th. torus shell are developed.

It will be shown in Section 3 that this semi-empirical model, which accounts

for the important parameters (P ,R ,A, ), is a good approximation for the
B B

actual pressure distribution.

1764 199
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3.0 MODEL VERIFICATION

3.1 VERIFICATION OF METHODOLOGY

The analytical model, described in Section 2, predicts bubble properties

such as pressure, radius, oscillation frequency, breakthrough time and con-

tainment wall pressures as the bubble rises toward the pool surface.

In this section, the model predictions are compared with full scale and

small scale test data. The full scale data were obtained from Monticello

T-Quencher test results described in Reference 1. The small scale data

consist of 21 tests (over 80 runs) conducted in a 1/4 ccale test facility.

These tests were designed to cover the entire range of parameters for Mark I

plants. Additional information about the 1/4 scale test program is contained
in Reference 2.

Since the final output of the model is pressure-time histories for various

points on the torus, comparisons are made between predicted and measured

pressures on the torus shell. Comparisons of predicted bubble pressures and

frequencies with the measured data are also included.

3.2 MONTICELLO T-QUENCHER TEST

The various test conditions selected for verification and the corresponding

test runs are given in Table 3-1. The test runs for each case were selected

based on two criteria:

Completdness of data - whenever possible, only those tests witha.

well defined initial conditions were selected.

b. Within each case, test runs that were similar enough to justify

averaging the parameters were chosen.

1764 204

3-1



NEDO-21878

The initial conditions for the selected test runs and their averages for each

group are given in Table 3-2. These averaged initial conditions were used in

the analytical model to predict bubble and shell pressure for each case.

3.2.1 Bubble Pressure Comparisons

Bubble pressures were measured at four locations on the arm where pressure
transducers P8, P9, P10, and Pil were located (see Figure 3-1). These

pressures are given in Table 3-3.

In addition to the initial conditions listed in Table 3-2, the model requires

input specifying pool and quencher geometries. These are listed in Table 3-4

and are common to all cases.

Finally, the maximum absolute pressure (P ) at the air-water interface and
the water clearing time (t ) are also input to the analytical model. These

were obtained from the water clearing transient analysis (Reference 3) and

are listed in Table 3-5.

The results of bubble pressure comparisons are shown in Table 3-6. In this

table P + stands for maximum positive bubble pressure (psid), Pg stands for
B

maximum negative bubble pressure (psid), and f stands for frequency. The
combination of water clearing model and bubble dynamics model, in general,

gives results that agree reasonably well with measured data. However, to

bound the data, it was necessary to use either multipliers on positive and
negative peak pressure predictions or on the bubble charging rate. The latter
method was preferred because it adjusts the velocity field as well as the
pressure field. Since both the water velocity and the air discharge velocity

affect the bubble charging rate, the multiplier was applied to both
velocities. A multiplier of 2.5 applied on flow rates of air and water was
found to give bubble pressures that were bounding on both positive and

negative sides. This method of adjustment not only increases the magnitudes

of predicted bubble pressures but also adjusts bubble radial velocity and
acceleration accordingly.

I76L4 205
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The effect of reducing the number of holes in zone D of the quencher arm
(Figure 1-1) from 208 per ride to 188 per ride and drilling 40 holes in one
endcap to maintain the same total hole area per arm was studied. This modi-
fication did not have a significant effect on bubble pressure or shell
pressures.

3.2.2 Shell Pressure Comparisons

The measured maxima and minima of shell pressures for transducers P12 through
P46 (except for P25, P28, P32, P44, and P45, which for reasons explained in
Reference 1 are not included), are given in Table E-1 of Appendix E for all
Monticello test program runs.

Locations of these transducers are shown
in Figures 3-2 and 3-3.

Typical shell pressure traces from Reference 1 are shown in Figure 3-4 and a
typical shell pressure prediction in Figure 3-5. The empirical shell pressure
distribution model was developed based on the Monticello test data. Cold pipe
tests, which resulted in highest shell pressures, were chosen for this pur-

Comparisons of model predictions with Monticello cold pipe data are shown
pose.

in Figures 3-6 through 3-13.

Each figure represents a radial cross section of the torus and is identified
by an angle (a). For a definition of the angle a, see Figure 2-4. The

transducers in each figure are identified using the same numbering system as
in Figures 3-2 and 3-3.

Measured and calculated peak positive and peak nega-
tive pressures are plotted on separate polar graphs. For the measured data,
the range of values for all the selected tests (i.e., Tests No. 2, 501, 801,
901, 1301, and 1601) is indicated by a bar for each transducer. This method
of presentation was used (as opposed to "mean i lo") so the multiplier needed
for the prediction curve to bound all the data could be determined. This

multiplier was determined to be 1.65 for the Monticello data. The bounding
predictions are also shown in Figures 3-6 through 3-13.

1764 206
3-3



NEDO-21878

3.3 1/4 SCALE T-QUENCRER TEST

The purpose of the 1/4 scale T-Quencher Test Program was to determine the sensi-

tivity of shell pressures to variations in the following patameters:

a. Steam flow rate

b. Initial pipe and wetwell pressures

c. Length of discharge line

d. Diameter of discharge line

e. Water leg length

f. Submergence

g. Distance of quencher from the floor

h. Orientation of submerged portion of discharge line.

The ranges selected for these parameters (Table 3-7) bound the ranges

encountered in all the Mark I plants to avoid any extrapolation beyond the

range of tested parameters.

Scaling was performed according to scaling laws described in Reference 5 except

for the scaling of the quencher, which was modified on the basis of preliminary

test results. The reason for this change is discussed in Section 4. A sum-

mary of the scale factors is given in Table 3-8.

The various test conditions investigated are summarized in Table 3-9. Test 1 is

the base case corresponding to Monticello cold pipe test conditions. The results

of this test were used to confirm the validity of the scaling laws. The

remaining tests in the test matrix were designed to provide the effects of

various parameters on bubble and shell pressures.

1764 207
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Each test was repeated at least four times to ensure repeatability and statistical

significance of the variation of the dependent variables.

Geometric parameters of the 1/4 scale T-Quencher and pool are given in Table 3-10
and a summary of initial conditions in Table 3-11.

3.3.1 Comparison of Measured and Predicted Sensitivities

In order to demonstrate the capability of the model to correctly predict the

effect of each parameter on the magnitude and frequency of the shell pressures,
comparisons were made between the observed and the predicted trends for the
following parameters (See Figures 3-16 through 3-41):

a. Steam flow rate

b. Initial pressure (wetwell and discharge line) 52-ft pipe length

c. Initial pressure (wetwell and discharge line) 26-ft pipe length

d. Initial pressure (wetwell and discharge line) 108-ft pipe length

e. Initial air volume 1 1/2-in. pipe, 3.7 psia pressure

f. Initial air volume 1 1/2-in. pipe, 11.25 psia pressure

g. Initial air volume 2 1/2-in. pipe, 3.7 psia pressure

h. Submergence

1. Distance from floor

j. Pipe diameter 52-ft pipe length

1764 208
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k. Pipe diameter 26-ft pipe length

1. Vertical water leg

m. 'nclined water leg.

The locations of the pressure transducers are shown on Figures 3-14 and 3-15.

In Figures 3-16 through 3-41, the measured peak overpressure is the maximum
positive pressure recorded by any of the shell pressure transducers avers.ged
over all four or more runs of a given test. Similarly, the peak under-

pressure is the maximum negative pressures recorded by any of the shell
pressure transducers averaged over all the runs of a given test, and the
measured frequency is the mean of the frequencies averaged over two or more
cycles, whenever available, for all the runs of a given test. Test numbers

are indicated on the graphs for reference to the test matrix. Plus and minus

one standard deviation marks are shown for the measured data. The predictions

for each test were obtained using averaged initial conditions. No multipliers

were used for these predictions. The measured data are found in Reference 2 and

in Appendix F.

As shown in Figures 3-16 through 3-41 and in Table 3-12, the model correctly
predicts the effect of each of the parameters studied on shell pressure magni-
tude and frequency. Note that Tests 11, 15, 16, 17 and 19 were not used in

sensitivity studies. These tests will be discussed in Section 4.

3.3.2 1/4 Scale Shell Pressure Comparisons

Shell pressure predictions for 1/4 scale tests were compared with the range of
shell pressure measurements fcr each pressure transducer and cach test, except

for tests 17 and 19. These two tests were excluded because of their low sub-
mergence (outside the range of Mark I plants). For these two tests, both the

interface pressures and the bubble pressures were overpredicted.

1764 209
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The same procedure used in comparing measured and predicted shell pressure for
the Monticello test was also used in the 1/4 scale comparisons. The results are
shown in Figures 3-42 through 3-83. The model predicts shell pressures with good
accuracy and bounds all the data when the multiplier of 1.65 is used. The

bounding predictions are not shown, but inspection can verify that increasing
model predictions by 65% will bound the measured data in all cases. Compari-

sons of measured and predicted pressure distributions in the circumferential
direction are shown in Figures 3-84 through 3-104.

3.3.3 Bubble Pressure and Frequency Comparisons

Bubble pressures were measured at two locations near the quencher arm where

pressure transducers P19 and P20 were located (see Figures 3-14 and 3-15).
The results of pressure and frequency comparisons are given in Table 3-13.
The measured positive bubble pressure is the mean of the peak pressures
measured by transducers P19 and P20 for all the runs of a given test. This is

also true for the negative bubble pressure. Bubble frequency for each test is

the mean of the bubble frequencies over two or more cycles, whenever available,
of the four or more runs for that test. The standard deviation of the data
is indicated in each case. In general, pressure magnitudes and frequencies
are predicted with reasonable accuracy.

1761 210
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Table 3-1

SELECTED CASES FROM MONTICELLO TEST

1 2 3 4

Actuation SVA CVA CVA SVA

Pipe Temp CP HP HP HP

Water Level NWL NWL DWL EWL

Valve Bay A D A D A D A D

Test Numbers 2/2 6/802 18/1303 31/2305

3/501 8/902 21/1602

5/801 9/903 21/1603

7/901 10/904 21/1604

18/1301 11/905 21/1605

21/1601

Terminology

SVA: Single Valve (First) Actuation

CVA: Single Valve (Subsequent) Consecutive Actuation

NWL: Normal Water Leg

DWL: Depressed Water Leg

EWL: Elevated Water Leg

CP: Cold Pipe

HP: Hot Pipe

\164 2\\
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Table 3-2

INITIAL CONDITIONS *

Pipe Water Pool
Test Run No./ Air Mass Pressure Leg Temperature

Condition Test No. (lbm) (psia) (ft) (*F)

2/2 3.04 14.4 13.3 76

CP 3/501 2.89 14.4 13.3 76

NWL 5/801 2.78 14.5 13.3 77

SVA 7/901 2.86 15.1 13.4 75

18/1301 3.03 14.7 13.3 72

21/1601 2.87 14.7 13.3 72

2 2.91 14.6 13.3 74.7

o 0.10 0.27 0.04 2.16

6/802 N/A 14.9 12.4 81

HP 8/902 N/A 15.5 12.3 79

NWL 9/903 N/A 15.8 11.6 79

CVA 10/904 N/A 15.6 12.1 81

11/905 N/A 15.6 12.3 81

i -- 15.5 12.1 80.2

o -- 0.34 0.32 1.10

18/1303 1.02 16.4 6.9 72

HP 21/1602 0.98 16.3 7.2 72

DWL 21/1603 1.09 16.0 8.8 72

CVA 21/1604 1.08 15.9 9.5 72

21/1605 1.12 15.9 9.5 H
E 1.06 16.1 8.4 72

a 0.06 0.23 1.25 0

HP 31/2305 1.11 15.5 10.6 89

*
Fram Reference 1. 1764 212
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Table 3-3

MONTICELLO BUBBLE PRESSURES (psid)*

Test Run No./
Condition Test No. g pg P10 Pil

2/2
CP 3/501
NWL 5/801 **

SVA 7/901

18/1301

21/1601

i

a

AVG

6/802
HP 8/902
NWL 9/903

CVA 10/904

11/905

i

a

AVG

HP 18/1305

DWL 21/1602

CVA 21/1603

21/1604

21/1605

i

a

AVG

HP 31/2305

*
From Reference 1.

** Proprietary information has been deleted.
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Table 3-4

MONTICELLO TORUS AND T-QUENCHER GEOMETRIES

Parameter Values

Pipe Area per Quencher 765.1 ft

Pool Depth 11.2 ft

Distance from Floor 4.67 ft

Torus Major Radius 49.0 ft

Quencher Arm Length from CL 9.415 ft

Cross-sectional Area of One Quencher Arm 0.706 ft

Radius of One Quencher Hole ft
**

,

Length of the 1st Field of Holes ft

Length of the 2nd Field of Holes ft

Length of the 3rd Field of Holes ft

Length of the 4th Field of Holes ft

Total Area of 1st Hole Pattern ft

Total Area of 2nd Hole Pattern ft

2Total Area of 3rd Hole Pattern ft

Tctal Area of 4th Hole Pattern ft2
Number of Quencher Arms 2

Number of Bubbles after Coalescence 4

*
Dummy Number

** Proprietary information has been deleted.
-
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Table 3-5

MAXIMUM INTERFACE PRESSURES AND WATER CLEARING TIMES
OBTAINED FROM WATER CLEARING TRANSIENT ANALYSIS

Maximum Interface Time Water
Test Pressure Clears

Condition (psia) (sec)

CP, NWL 220 0.201

HP, NWL 280 0.208

HP, DWL 264 0.194

HP, EWL 303 0.201

1764 215

3-12



Table 3-6

COMPARISON OF HEASURED* AND PREDICTED BUBBLE PRESSURES AND FREQUENCIES

u ressure P (Psid)Bubble Pressure P (psid) B
Test Calculated

Condition Measured a Calculated Measured !o ta** Measured ** Calculated

CP, NWL 5.55 i 1.81 6.12 -5.35 1.25 -4.23 7.3 ! 1.10 7.2

IIP, NWL 3.11 1.20 3.61 -3.80 1.34 -3.41 10.98 1 1.62 10.3

IIP, DWL 2.50 ! 0.93 3.68 -3.02 0.87 -3.33 13.0 1.95 10.5

ilP, EWL 3.42 0.63 3.82 -2.97 0.44 -3.74 11.2 1.68 10.2

z
9*y Reference 1 iw ** g"

The frequency ranges given bound the data for 2nd cycle oscillation because maximum pressures ~

usually occur during this cycle. $
m

-

Ch
+

N
-
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Table 3-7

RANGE OF PARAMETERS STUDIED IN THE 1/4 SCALE TEST PROGRAM

Corresponding
Range Full-ScalePaa e er ,

Units (1/4 Scale) Range

Steam Flow Rate Ibm /sec 0.8-2.5 102.4-320.0
Initial Pipe Pressure psia 2.45 'l.25 9.8-45.0
Initial Wetwell Pressure psia 3.7-11.25 14.8-45.0

Discharge Pipe Cross-Sectional fe 0.014-0.029 0.53-1.10
Area

Discharge Pipe Air Length ft 26-108 44.5-185.0
Water Leg Length ft 1.65-6.25 6.6-25.0
Submergence ft 1.0-3.38 4.0-13.5

Distance from Floor ft 0.7-1.2 2.8-4.8

1764 217
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Table 3-8

COMPARISON OF MONTICELLO AND 1/4 SCALE GEOMETRIES USING S/RV SCALING MODEL

M "EIC*II " "EIC*1
Scaling 1/4 Scale Scaling

Parameter Law CP, NWL Base Case 1/4 Scale Requirement

3.5
Steam flow rate (1bm/sec) A 200.0 1.55 129.03 128.0

x

Distance from floor (ft) Ax 4.67 1.2 3.892 4.0

SR/V line air length (ft) A .5 0.5 88.67 52 1.705 1.7123
x

SR/V line X-section area (ft ) A /A 0.5273 0.01414 37.291 37.387

Water leg length (ft) A 13.3 3.38 3.935 4.0 g
x

Cas/ pipe pressure (psia) A 14.6 3.7 3.946 4.0
x,

b 3.946 4.0 5
Wetwell pressure (psia) A 14.6 3.7u yx

A2
16.0

Quencher hole area (ft2) x **
2 15.388 16.0

Quencher arm area (ft2) A 0.706 0.0088
x

Quencher arm length from A 9.415 2.39 3.939 4.0-
xN quencher ( (ft)Ch

# Quencher submergence (ft) A 6.53 1.65 3.958 4.0x

Torus minor radius (ft) A 18.83 W WM 00
x

Cu
*

(Quencher Submergence)Model
= 0.25x =

(Quencher Submergence)F W salex

(Absolute Temperature of Discharge Line)Model
~

(Absolute Temperature of Discharge Line) Full ScaleT

** Proprietary information has been deleted.
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Table 3-9

1/4 SCALE TEST MATRIX

Distance Steam Water Wetwell/
from Flow Pipe Air Pipe Air Leg Pipe

Test Submergence Floor Rate Length Diameter Length Pressure
Number (ft) (ft) (1bm/sec) (ft) (in) (ft) (psia)

1 1.65 1.2 1.55 52 1-1/2 3.38 3.7

2 1.65 1.2 0.8 52 1-1/2 3.38 3.7

3 1.65 1.2 2.5 52 1-1/2 3.38 3.7

4 1.65 1.2 1.55 52 1-1/2 3.38 11.25

4A 1.65 1.2 1.55 52 1-1/2 3.38 7.7

5 1.65 1.2 1.55 26 1-1/2 3.38 3.7

6 1.65 1.2 1.55 26 1-1/2 3.38 11.25

7 1.65 1.2 1.55 108 1-1/2 3.38 3.7

8 1.65 1.2 1.55 108 1-1/2 3.38 11.25

9 1.65 0.7 1.55 52 1-1/2 3.38 3.7

10 1.65 1.2 1.55 52 2-1/2 3.38 3.7

11 1.65 1.2 1.55 52 1-1/2 6.25 3.7

12 1.65 1.2 1.55 26 2-1/2 3.38 3.7

13 2.80 1.2 1.55 52 1-1/2 3.38 3.7

14 1.65 1.2 1.55 52 1-1/2 1.65 3.7

15 1.65 1.2 1.55 51.25 1-1/2 6.25 3.7/2.4

16 1.65 1.2 1.55 48.1 1-1/2 3.38 3.7

17 1.0 1.2 1.55 48.1 1-1/2 2.5 3.7

18 1.65 1.2 1.55 51.25 1-1/2 6.25 5.0/3.7

19 1.0 1.2 1.55 51.25 1-1/2 3.38 4.0/3.7

20 3.38 1.2 1.55 52 1-1/2 3.38 3.7

1764 2193-16
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Table 3-10

1/4 SCALE TORUS AND T-QUENCHER GEOMETRIES

Parameter Values

Pool Area per Quencher 190.44 ft

Pool Depth 2.85, 4.0 ft

Distance from Floor 1.2, 0.7 ft

Torus Major Radius 12.25 ft

Quencher Arm Length from Quencher L 2.39 ft
2

Cross-sectional area of One Quencher Arm 0.04588 ft

Radius of One Quencher Hole ft

**
Length of the 1st Field of Holes ft

Length of the 2nd Field of Holes ft

Length of the 3rd Field of Holes ft

Length of the 4th Field of Holes ft

2Total Area of 1st Hole Pattern ft

Total Area of 2nd Hole Pattern ft2
Total Area of 3rd Hole Pattern ft2
Total Area of 4th Hole Pattern ft

Number of Quencher Arms 2

Number of Bubbles 4

Number of Bubbles After Coalescence 4

*
Dummy Number

** Proprietary information has been deleted.

i76ri 220
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Table 3-11

AVERAGE 1/4 SCALE TEST INITIAL CONDITIONS

Initial
Air Pipe Wetwell Pipe Pipe Pool Air

Test Mass Pressure Pressure Temperature Temperature Depth Volume
Number (1bm) (psia) (psia) (*F) (*F) (ft) (ft3)

1 0.0098 3.67 3.67 295.69 79.0 2.85 0.7480
2 0.0098 3.67 3.67 296.87 84.33 2.85 0.7480
3 0.0099 3.695 3.70 294.78 85.0 2.85 0.7480
4 0.0301 11.24 11.24 295.32 79.0 2.85 0.7480

4A 0.0213 7.69 7.69 296.10 81.0 2.85 0.7480
5 0.0052 3.67 3.67 270.15 82.0 2.85 0.3803
6 0.0155 11.24 11.24 271.39 78.0 2.85 0.3803

7 0.0198 3.68 3.68 313.45 82.0 2.85 1.54
8 0.0606 11.21 11.21 309.66 76.0 2.85 1.54

9 0.0101 3.72 3.72 280.73 78.0 2.35 0.7480

10 0.0210 3.73 3.73 274.86 78.0 2.85 1.5308

11 0.0098 3.73 3.73 298.83 79.0 2.85 0.7356
12 0.0102 3.69 3.69 289.45 77.0 2.85 0.7654

13 0.0103 3.70 3.70 258.24 77.0 4.00 0.7448
14 0.0105 3.70 3.79 255.60 78.0 2.85 0.7480
15 0.0063 2.45 3.69 290.67 81.0 2.85 0.7176
16 0.0104 3.72 3.72 303.70 81.6 2.84 0.7897

17 0.0108 3.73 3.70 298.60 83.5 2.08 0.8165

18 0.0106 3.78 4.94 297.60 80.2 2.84 0.7904

19 0.0102 3.66 4.02 303.20 75.8 2.08 0.7897

20 0.0098 3.70 3.70 294.60 69.8 4.55 0.7381

1764 221
~
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Table 3-12

COMPARISON OF 1/4 SCALE TEST MEASURED AND PREDICTED PEAK SHELL PRESSURES

AND FREQUENCIES

~

max (Psid) P , (psid) Frequency f (Hz)
Test
Case Measured to Predicted Measured a Predicted Measured !o Predicted

1 1.01 ! 0.14 1.07 -0.82 0.09 -0.88 15.47 0.15 15.8
2 0.57 t 0.11 0.67 -0.66 2 0.08 -0.60 16.3 2 0.42 15.6
? 1.65 2 0.28 1.81 -1.18 0.05 -1.32 15.63 2 0.65 15.1
4 0.85 0.09 1.09 -1.36 0.15 -1.28 26.94 0.42 26.0

4A 0.83 0.22 1.05 -1.14 1 0.11 -1.16 24.4 1.14 22.1

5 1.18 ! 0.09 1.12 -0.95 0.06 -0.89 20.17 0.73 19.4

6 1.00 t 0.18 1.10 -1.12 0.18 -1.22 31.93 1.71 32.6

7 1.41 t 0.12 1.43 -1.27 0.01 -1.20 12.20 0.33 11.8

8 2.33 2 0.14 2.30 -2.29 0.09 -2.02 19.90 0.70 20.2

9 1.03 0.20 1.38 -1.03 0.13 -1.13 15.10 0.57 15.4

10 1.51 0.17 1.59 -1.19 0.06 -1.29 12.55 0.33 11.8

12 1.01 1 0.13 1.21 -0.80 2 0.10 -0.98 15.43 0.36 15.7

13 0.80 2 0.15 0.95 -0.65 ! 0.09 -0.84 16.07 0.40 17.1

14 1.84 2 0.16 1.74 -1.41 0.12 -1.28 14.35 0.43 15.5

16 0.69 ! 0.17 1.05 -0.64 0.08 -0.86 15.21 0.40 15.5

18 0.93 ! 0.12 0.77 -0.90 t 0.06 -0.84 17.08 ! 0.54 19.7

20 0.71 0.22 0.96 -0.73 1 0.24 -0.89 15.67 0.58 18.6

1764 222
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Table 3-13

COMPARISON OF 1/4 SCALE MEASURED AND PREDICTED BUBBLE PRESSURES

AND FREQUENCIES

Bubble Pressure Bubble Pressure
P (psid) P{(psid) Frequency f (liz)

Case Measured to Predicted Measured !c Predicted Measured to Predicted

1 1.55 0.67 1.60 -1.17 0.27 -1.11 15.47 2 0.15 15.8
2 1.08 ! 0.24 0.98 -1.04 0.18 -0.79 16.3 0.42 15.6
3 2.05 ! 0.55 2.75 -1.42 0.09 -1.55 15.63 0.65 15.1
4 1.03 0.30 1.56 -2.03 0.33 -1.78 26.94 0.42 26.0
4A 1.41 0.53 1.50 -1.59 0.24 -1.56 24.4 1.14 22.1
5 2.06 0.93 2.10 -1.31 0.28 -1.32 20.17 0.73 19.4
6 1.52 ! 0.31 1.91 -1.63 ! 0.29 -2.04 31.93 ! 1.71 32.6
7 1.70 t 0.26 1.68 -1.46 t 0.12 -1.17 12.20 ! 0.33 11.8
8 2.60 t 0.45 2.67 -2.53 0.27 -2.10 19.90 0.70 20.2

9 1.18 ! 0.37 1.71 -1.08 ! 0.07 -1.16 15.10 t 0.57 15.4
10 1.66 ! 0.36 1.84 -1.39 ! 0.10 -1.25 12.55 ! 0.33 11.8

11 0.77 ! 0.53 1.23 -0.65 0.24 1.07 14.52 2 0.54 16.4

12 1.62 ! 0.33 1.83 -1.14 0.18 -1.21 15.43 ! 0.36 15.7

13 1.18 ! 0.37 1.46 -0.95 ! 0.21 -1.11 16.07 ! 0.40 17.1
14 2.63 ! 0.46 2.70 -1.63 ! 0.07 -1.54 14.35 0.43 15.5

15 1,57 0.46 1.05 -1.21 2 0.23 -1.01 17.71 0.74 18.4

16 1.38 ! 0.72 1.53 -0.87 ! 0.10 -1.08 15.21 ! 0.40 15.5
17 0.77 0.32 2.31 -0.92 ! 0.21 -1.35 16.51 ! 0.63 15.0
18 1.65 ! 0.53 1.22 -1.37 0.22 -1.20 17.08 0.54 19.7

19 1.15 ! 0.35 1.78 -0.95 ! 0.19 -1.19 18.59 t 0.69 16.7

20 1.35 ! 0.58 1.55 -1.14 ! 0.20 -1.24 15.67 ! 0.58 18.6

1764 223
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q, S/RV PIPE

->- -4-- 15 in. (TYP)

P8 t || P10
P9, OPPOSITE SIDE P11, OPPOSITE SIDE

P7 0, j y e P6 ,..

i. '\ i '
i. f i.

T
m Jy

h h ti i8 hE

QUENCHER
_ _

,

~50 in.
- , -

~50 in.

Figure 3-1. Bubble Pressure Sensors Locations for Monticello Test

1764 224
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|

Monticello Test
28 SENSORS TOTAL:

P12 THROUGH P39

X VALIDYNE SENSORS

@ SENSOMETRIC SENSORS
.

b 14 21 29

E E S t

TO RPV

15 22 36
X X X 3 12.71 ft

i

mh16 23 31

X X X
j,2 in. 3.75 ft.gg

f 12 ty 24 25 30 32 37 39 3r 1r 3rTORUS x g g gx g x
h * 7.25 fr 7.25 ft

: 10.25 ft % g
X X. X
18 26 , 33

7.34 ft

9y y y y _12.71 ft
27 34 3813 19

LOWER HALF
OF ROLLED OUT
SHELL

20 28 35 SAY D

@ @ 0

.

% h13 in.

l SAY D,671/2" AZIMUTHi

Figure 3-2. Pressure Transducer Location - Half-Shell Layout of Bay D
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Monticello Test
6 SENSORS TOTAL:
P40 THROUGH P46
EXCEPT P45

X VAllDYNE SENSORS

I

41 Xh a

TORPV
8.53 ft

42 X
h

2h + 7 ,,,
4

*
TORUS I 43 #0 1P 1fv

q ;; X X
a

- - a
+ 4.75 ft+g 4.75 ft + 4.06 ft

44 X

'
LOWER HALF OF j
ROLLED OUT SHELL
BAY C/D

(, BAY 45' AZIMUTH

1764 226

Figure 3-3. Pressure Transducer Location - Half-Shell Layout of Bay C/D
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Figure 3-6. Peak Positive Pressure Distribution for Monticello CP,

NWL @ a = 0 Radians
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Figure 3-7. Peak Positive Pressure Distribution for Monticello CP,
NWL @ a = 0
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Figure 3-8. Peak Positive Pressure Distribution for Monticello CP,
NWL @ a = 0.0765
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Figure 3-9. Peak Negative Pressure Distribution for Monticello CP,
NWL @ a = 0.0765
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Figure 3-10. Peak Positive Pressure Distribution for Monticello CP,
NWL @ a = 0.0765
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Figure 3-11. Peak Negative Pressure Distribution for Monticello CP,
NWL @ a = 0.0765
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4.0 DISCUSSION

4.1 GENERAL

The bubble dynamics model, as described in Appendices A, B, C, D and outlined

in Section 2 of this report, accurately predicts the dynamics of an oscillating

bubble in a finite pool, provided the initial conditions are properly speci-

fled. The initial conditions are bubble size and bubble pressure, both of

which are determined b the charging process. For a T-Quencher bubble, the

charging process is n<c amenable to exact analysis and can only be approxi-

mated by an idealized process that leads to initial conditions that are close

to the actual ones.

The charging rate, i.e., the energy flow rate into the bubble, is a function

of time and depends on the mass and the thermodynamic properties of the air,

the dynamics of the water inside and outside of the quencher arm and the

geometry of the quencher. It is possible to assume an idealized charging

process that will give acceptable results for a given set of conditions. To

ensure the validity of such assumptions, the model has been tested over the

expected range of parameters.

The present model was developed and compared with the Monticello test results

and later refined on the basis of the 1/4 scale data. The final model, as

presented in this report, is in good agreement with test data over the entire

range of parameters expected in the Mark I plants. This implies that, even

though the water velocity and the air velocity assumptions may not be accurate,

the combination of these assumptions leads to the correct enthalpy flux for

all the cases where good agreement between measured and predicted data exists.

The empirical pressure distribution model seems to apply to small scale as

well as large scale geometry, and regardless of whether the torus is flexible

(Monticello) or rigid (1/4 scale).
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4.2 MONTICELLO COMPARISONS

Table 3-6 shows that the model predicts bubble pressure and frequency reasonably

well for a variety of initial conditions, hot and cold pipe, elevated or

depressed water level and normal or reduced air mass. Note that the air mass

for hot pipe cases and the water level for the elevated and depri.csed water

level cases were estimated.

The empirical pressure distribution model is not necessarily a best fit, but it

is simple and follows the trend of the measured data in the radial and cir-

cumferential directions.

The 1.65 multiplier gives a conservative estimate of the pressure distribution

and of the total force acting on the torus shell.

4.3 1/4 SCALE TEST

4.3.1 Scaling

The original 1/4 scale T-Quencher design was based on the scaling analysis of
Reference 3. In that analysis, it was assumed that the flow of air through the

quencher holes would be choked at all times. Based on this assumption, the
2.5 0.5quencher hole area must be scaled by a factor of A j ,

Test results showed bubble and shell pressures were significantly greater than

the scaled down Monticello results. The average peak positive and peak nega-

tive bubble pressures for the Monticello cold pipe tests were 5.55 psid and

-5.35 psid, which scales down to 1.39 psid and -1.34 psid. The corresponding

values for the original 1/4 scale quencher were 2.58 psid and -1.63 psid.
The source of the discrepancy was found to be the scaling of the quencher hole
area. The analytical model predicted that geometric scaling of the quencher

holes would improve the 1/4 scale test results. This meant scaling the quencher
hole area according to A as opposed to A * /A .5 In effect, the quencher

0
.

hole area had to be approximately doubled. In addition, the cross-sectional

1764 329
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areas of the quencher arm and of the submerged portion of the discharge line
had to be mcdified to maintain the scaling of the water clearing time (see
Table 3-2 of Reference 2). A new quencher was designed and the necessary

modifications were made based on geometric scaling of hole area. The base

case was repeated and the results (1.50 psid and -1.10 psid) were in good
agreement with the scaled down Monticello results. This quencher was used
throughout the test program. Two additional tests were run with the original
1/4 scale T-Quencher at 7.7 psia and 11.25 psia initial pipe and wetwell
pressures.

~

In Reference 2, these tests are designated as Tests B and C, respectively,
and the base case is designated as Test A (see Table 6-1 of Reference 2).

The purpose of these additional tests was to confirm that both quenchers
give the same trend for the effect of initial pressure on shell pressures.

The difference in the magnitude of the influence coefficients for the two

quenchers was not statistically significant.

4.3.2 Sensitivity Studies

4.3.2.1 Effect of Steam Flow Rate -- Results of Tests 1, 2, and 3 indicate that

pressure amplitudes depend on the steam flow rate but frequency is insensitive
to steam flow rate (see Figure 3-16 and 3-17). This is in agreement with

the X-Quencher statistical correlation, which also predicts an increase in
bubble pressure with increasing steam flow rate.

4.3.2.2 Effect of Initial Pipe and Wetwell Pressure - Figures 3-18, 3-20,

and 3-22 show the effects of initial wetwell and pipe pressure on shell pressure

magnitudes. For 26-ft and 52-ft lines, the negative pressures increase with

increasing initial pressure, but the positive pressures decrease slightly or

remain unchanged. For the 108-ft line, however, both positive and negative

pressures increase with increasing initial pressure. Since air mass is propor-

tional to initial pipe pressure, these results indicate that a general statement

cannot be made regarding the effect of air mass on shell pressures. The effect

of air mass depends on the mass flow rate of air into the pool. For. instance,

if the flow of air continues after the bubble has reached its first negative

1761 330
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peak pressure, the effect is a slowing down of the inflow of water and a
decrease in the peak positive pressure. On the other hand, if the same
amount of air is discharged while the bubble is expanding, an increase in
the magnitude of the negative pressure will result. Therefore, the effect

of air mass is closely related to the charging process.

The results of Test 1, 4A, 4, 5, 6, 7, and 8 (see Figures 3-19, 3-21, and
3-23) indicate an increase in bubble frequency due to increasing wetwell
pressure. In fact, frequency is proportional to ( , which agrees with
classical theory of an oscillating bubble in an infinite medium.

S1 c =
I" 2 1R p

The model correctly predicts this effect. Note that bubble radium does not

significantly change when both the initial pipe pressure and wetwell pressure
are changed by the same amount.

4.3.2.3 Effect of Pipe Length - Since bubble frequency is inversely propor-
tional to bubble radius, (See Equation (4-1), other parameters being the same,
an increase in pipe length results in a decrease in bubble frequency as indi-
cated by Figures 3-25, 3-27, and 3-29. However, the effect of pipe length on

shell pressures is more complicated. Figures 3-24 and 3-26 show a slight

decrease followed by an increase in pressure magnitudes as the pipe length is

increased. Figure 3-28 does not include a point with a pipe length corres-
ponding to an air volume of 0.4 ft , and hence it is not known whether or not
it would also show the same trend as Figures 3-24 and 3-26. Pipe length has

two opposing effects where bubble pressure is concerned. On the one hand, a
shorter pipe gives higher pipe pressures and shorter water clearing time, both
of which tend to give a higher bubble pressure. On the other hand, shorter

pipe means less air mass and lower bubble pressure. It is therefore not

surprising that both the model and the test data indicate a minimum for the
pressure vs air volume curves.
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4.3.2.4 Effect of Submergence -- Figures 3-30 and 3-31 show a slight decrease
in pressure magnitudes and a slight increase in frequancy due to increased
submergence. Since increasing submergence means increasing P,, and since fre-

quency is proportional to /P", these results and predictions are reasonable.
The changes in pressure and frequency are attributed to the changes in P. and
the hydrodynamic mass associated with the oscillating bubble.

4.3.2.5 Effect of Distance of Quencher From Floor - The model predicts a more
pronounced increase in shell pressure than observed in Test 9 caused by a
reduction in the distance of the quencher from the floor. (See Figure 3-32).
The model is slightly conservative. There is no significant effect of

distance from the floor on frequency (See Figure 3-33).

4.3.2.6 Effect of Pipe Diameter - The effect of pipe diameter (keeping the
pipe Jength and all other parameters the same) on shell pressures appears to be
dependent on the pipe length. For a 52-ft pipe, increasing the pipe size from
1 1/2 in. schedule 40 to 2 1/2 in. schedule 80 caused a 50% increase in peak
shell pressures (see Figure 3-34), whereas the sace change for a 26-ft pipe
caused a 20% decrease. Frequency decreases in both cases, as expected (larger
bubble radius).

4.3.2.7 Effect of Water Leg Length -- To study the ef fect of increasing water
leg length (Test Case 11), keeping submergence and other parameters constant,
a horizontal section was added to the submerged portion of the discharge line
(see Figure 4-1). The test results showed low bubble and shell pressures for
this arrangement (See Figures 3-64, 3-65, and 3-95). The measured bubble
pressures were one half of predicted values and the frequency was 2 Hz
(%15%) lower than the prediction. (See Table 3-13). These. anomalies were

attributed to the particular geometry of the submerged portion of the pipe,
which was not representative of any Mark I geometry, and to the increase in
the wetted surface of the discharge line. To investigate the effect of wetted

surface, Test 16 was conducted. This test was different from the base case
only in that the inside surface of the discharge line was wetted up to a point

17M 332
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2.87 ft above the normal water level, prior to valve actuation. This increase

in the wetted surface, which gave the same wetted areas as in Test 11, did not

produce the expected reduction in loads. Only a 10% reduction in pressures was

realized. It was concluded that the low pressures obtained in Test 11 were

not due to the increased wetted surface alone. One possible reason may be

the uneven and possibly slow clearing of the arms due to the geometry of the

submerged portion of the line. Since this geometry was not representative of

any Mark I plant geometry, it was decided to study the effect of long water

leg, causing the same line geometry as in the base case. This was done in

two different ways: in Test 15 the water leg length was increased by

decreasing the pipe pressure and in Test 18 the wetwell pressure was raised.

In both cases the water leg length was 6.25 ft compared with 3.38 ft for the

base case. Both of these tests gave results that were not significantly

different from the base case except for the frequencies that were higher (see

Table 3-13). Test 18 was considered more meaningful in that it had about the

same air mass as the base case whereas in Test 15, because of the reduced pipe

pressure, the air mass was lower. This explains the higher frequency for
Test 15. The higher frequency in Test 18 was caused by the higher wetwell

pressure.

One possible explanation for this lack of sensitivity of shell pressures to

water leg length is the increase in water clearing time associated with a

long water leg. This longer water clearing time results in more mixing of air

and steam and therefore a lower effective mass flow rate of air. The effect of

increased wetted area of the discharge line also contributes somewhat, as

indicated by the results of Test 16. The combination of these two effects

balances with the effect of increased air-water interface pressure.

To further investigate the effect of water leg, two tests were conducted at a

low submergence of 0.895 ft, corresponding to % 3.6 ft full scale submergence,

which is outside of the range of Mark I plants. Test 17 was conducted with

nominal pipe and wetwell pressure and a water leg of 2.5 ft. In Test 19, the

wetwell was pressurized to obtain a water leg of 3.38 ft (identical to the
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base case). Because of the strong effect of the low submergence, the results

of these tests could not be used to infer the effect of water leg length.

The air-water' interface pressures and the bubble and shell pressures were all
well below predictions but frequencies were higher than predicted. Since such

low submergence is not practical, the models were not modified to account for
the effect of low submergence, thereby bringing the predictions closer to the

measured data.

To isolate the effect of a short water leg, keeping all other parameters

including submergence the same as for the base case, the inclination of the

submergence portion of the discharge line was modified for Test 14 (see

Figure 4-1). This case, with a short vertical water leg of 1.65 ft gave positive

pressures that were 70% higher and negative pressures 40% higher than the
base case. Readings of the transducers PT-19 and PT-20 (Figure 3-15) were

observed to be closer than in the previous tests (see Table B-1), indicating

a more symmetric clearing of the quencher arms. This observation suggested
that the inclination of the submerged portion of the discharge line might be

an important parameter to study. Test 20 was conducted with the same dis-
charge line inclination as in Test 14 but with an increased submergence 6f

3.38 ft, giving a water leg of 3.38 ft. The results of this test were not

significantly different from those of the base case, indicating that the

inclination of the submerged portion of the discharge line is not an

important factor if the water leg length remain the same.

4.3.3 Asymmetry

In general, both the bubble pressures and the shell pressures were higher on

that side of the quencher where the discharge line was attached (see Table B-1

and Figure B-1). Note . hat the discharge line is attached to the opposite

side of the quencher for Tests 15 through 19.

176i 334
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The asymmetry generally observed is attributed to asymmetric water clearing

due to the shape of the air-water interface. This trend, which was also

apparent in the Monticello test, was almost nonexistent in Test 14 where the
discharge line entered the pool vertically. The opposite trend was observed

in Test 11.

The pressure distribution model assumes symmetric pressure distribution and
therefore usually overpredicts shell pressures on one side of the quencher.
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5.0 CONCLUSIONS

On the basis of the sensitivity studies and the comparisons presented, the

following conclusions are reached:

a. The model accurately predicts the effect of all the important

parameters on shell pressure magnitudes and frequencies over the
range encountered in the Mark I plants. This conclusion is based

on the 1/4 Scale Test results and predictions,

b. The model predicts the mean of shell pressures for the Monticello

plant and for the most severe case (cold pipe) with reasonable

accuracy and bounds the measured data with a multiplier of 1.65.

The same multiplier also bounds the 1/4 Scale data.

c. Within the scaled up range of parameters, the model, with a 1.65

multiplier, gives bounding values for shell pressures, correct

values for frequency and a conservative attenuation with time,

d. With a multiplier of 2.5 applied to flow rates of water and air,

the model predicts bounding values for positive and negative bubble

pressures and adjusts bubble radial velocity and acceleration

accordingly.

e. The effect of air mass on shell pressures is complex and depends

on pipe length, pipe diameter, and pipe pressure. The effects on

pressure magnitudes and frequency are correctly predicted by the

model.

f. it is difficult to study the effect of water leg length without

changing other parameters such as submergence, wetwell or pipe

pressure or the inclination of the submerged portion of the dis-

charge line. For an inclination of 22 degrees, increasing the

water leg lengths by either lowering the pipe pressure or raising

1764 337
5-1



NEDO-21878

the wetwell pressure does not seem to significantly affect shell

pressures. However, with a discharge line vertically entering the

pool, a reduction in the water leg substantially increases the

shell pressures. The model predicts these trends reasonably well.

g. Shell pressures depend strongly on the mass flow rate of steam.

This trend, which is correctly predicted by the model, is also

observed in X-quenchers.

h. Increasing the wetted inside area of the discharge line causes a

reduction in the air clearing loads.

1. For submergences below four ft (full scale), the model overpredicts

shell pressures and overpredicts frequencies. However, this is not

of any practical concern since it does not correspond to any

actual Mark I plant.

J. When the discharge line enters the pool at a slope, the shell

pressures are generally greater on that side of the quencher where

the discharge line joins the quencher. This is caused by the

preferential uncovering of the quencher holes during water clearing

transient.

k. Bubble frequency is proportional to the inverse of bubble radius

and the square root of the absolute equilibrium pressure.

1764 338
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APPENDIX A

KINETIC ENERGY OF A FINITE POOL DUE
TO AN OSCILLATING BUBBLE

A.1 INFINITE POOL

If a bubble of radius R is oscillating in an infinite pool, the velocity
potential is:

kR/r$ = (A-1)

The kinetic energy of the pool is:

f =f(KE), dV=
$ dS

V S S

where S = surf ace of the boundary which is the bubble surf ace. At the bubble

surface: .

-N$]g =

and

I I (-i R fy2) _;2= = ,

3 n, 3 r,
3 S

f
R g2 ds = 2n o R g2(KE) =

,,

S

2n p R i (A-2)(KE) =
,

A.2 SDII-INFINITE POOL

Cc7 sider a bubble of radius R at a distance Z from the bottom of a semi-infinite
pool (Figure A-1). If R << Z, the veloci y potential can be written as.

17 6 4
> L) \T

A-3



NEDO-21878

kR (1/r + 1/ri) (A-3)$ +$ +$ =

where:

!
r (4 Z +r - 4 r Z cos 0) (A-4)

y

is the distance between the point of interest and the center of the image of
the actual bubble, as shown in Figure A-1.

Substituting for r , in (A-3):y

-E R 1/r + (4 Z +r - 4 r Z cos 0)~6 =

-3/2kR 1/r + (r - 2 Z cos 0 ) ( 4 Z +r - 4 r Z cos 0 )=

On the surf ace of the bubble:

- 4 R2 cos 0)"l (A-5)-dR 1/R + (4 Z +R$]3
=

and

kR 1/R + (R - 2Z cos 0)# #
=

3" 3r
S-S -

(4 Z +R - 4 RZ cos 0)~

p*

f i R 1/R + ( 4 Z +Rf t dc1. KE ==

S S o

-1/23(f
,,

) 1/R' + (R - 2Z cos 0)- 4 RZ cos 0)

~

(4 Z +R - 4 RZ cos 0) 2r R sin Od8

A-4
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The main point here is that for the same oscillating bubble, the KE of a
finite pool is larger than that of an infinite pool. The deviation from
infinite pool approximation depends on the ratio of bubble radius to the

distance between the center of the bubble and the rigid boundaries.

I

8 A
r 6 |

Z

V
h\%% MWWWWW%%%%g%Nggs

'l

m %g
/ 's
/ \
l )' I
\ /
\ /N s#%

Figure A-1. Spherical Bubble in Semi-Infinite Pool
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or

2+b)~
-

4 3

KE 1+1 (1 + l .n +Y _ Y -Y -4Y
KE 2=

2 4 2y , 2)2=

where

R/Zy =

and

(KE), 2np R R=

For small values of y one may approximate KE by the following expressions:

(KE), (1 + R/2Z) (A-6)KE =

A.3 FINITE POOL

For su ll values of R/Z, it is reasonable to assume that the increase in

the KE of the pool due to each wall can be estimated by using Equation (A-6)
with the appropriate value of Z. For a square pool with a bubble in the

middle, the distance between the center of the bubble and each wall is C /2
P

where A is the free surface area of the pool. (Of course for a circular pool
p

with a bubble in the middle, the distance is /A"/[n) . By the same token,
P

the effect of the free surface can be approximated by incJuding a term

(-R/2(H-Z)). Therefore, an estimate of the kinetic energy of the pool is:

KE , (1 + R/2Z - R/2 (H-Z) + 4 R//A")KE =

P

or

2n a R k (1 + R/2Z - R/2 (H-Z) + 4R/ ) (A-7)KE =

4 7/4A-6
4
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APPENDIX B

RATE OF ENERGY DISSIPATION

BY ACOUSTIC RADIATION
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APPENDIX B

RATE OF ENERGY DISSIPATION

BY ACOUSTIC RADIATION

For a compressible flitid, the velocity potential function satisfies the

following equation:

2
7 ,

3$ 1
2 + 7$ * 7 (7$ 74),

2
C at 2e

which,for|74|<<Creducesto:

#7&- 0 (B-1)=
2C at

'4 hen the flow field is due to an oscillating bubble of radius R. Bernoulli's

Equation, neglecting gravity, can be written as:

P P, - o + (B-2)=

Assuming a solution of the form:

f(r)/r (B-3)$ =

where

c - (r - R)/Cr =

R being the bubble radius:

(1+k/C)/r (B-4)f'
*=
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- (f + r f'/C)/r (B-5)=

k at r R (Boundary Condition) (B-6)==

Substituting Equations (B-4) and (B-6) in (B-2) and putting r = R:

~ " ~# (
~

P
B =

or

- [ (P ~ =)/o + ] ( + ) (B-8)f' =
B

According to Equations (B-5) and (B-6):

k = - (f + R f'/C)/R (B-9)=

-r=R

Then

-(Rk+f/R)C (B-lG ~'f' =

Substituting (B-10) in (B-7) and rearranging:

. ..,

R [ ((P =} } ( + )~f = ~

B

Differentiating

2Rk(((P -P,)/o+k/2)/(C+d)-d]f' =
B

9 e e** . .

+ R-((P / o + RR)/ (C + R) - R) (B-ll)
3

) } (!k JB-4
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Where the term with (C + k) in the denominator has been neglected. Sub-

stituting (B-ll) in (B-8) and simplifying gives:

RR + 3/2 R + k /C - 2k(P ~ 0 ~
B (B - P,)/p (B-12)# "

B =

Comparing (B-12) with Raleigh's Equation:

RR + 3/2 k (P ~ U=
B =

We notice that the last three terms on the lef t-hand side of Equation (B-12)

are due to compressibility effects. To obtain the rate of acoustic radiation,

both sides of Equation (B-12) may be multiplied by 4:R ko. The rate of energy

dissipation due to acoustic radiation becomes:

. 9
3 ~ ^ ~ =) ~ (~'" #E "

R B B

Finally, assuming isentropic process:

. .

-3D RP =
B B

. ' . S " " (# ~

B ~ =} + B)R

If we put 3K =' 4 above the equation reduces to:

''

4R 2(pR" + 2(PB* =))!
.

E =

1761 348
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APPENDIX C

THE IMPORTANCE OF ENTHALPY FLOW RATE

AND HEAT TRANSFER

1764 349

c-1/c-2
_ _._ _ _



NED0 -21878

APPENDIX C

THE IMPORTANCE OF ENTHALPY FLOti-RATE AND HEAT TRANSFER

The dynamics of a " charging" air bubble in an infinite pool are described by
the momentum equation (Raleigh's):

Rd + 3/2R =) 0 ((P= ~

B

coupled with the energy equation:

Eh, - P + (~=
B

where:

Internal energy ef bubble;-

$ = Mass flow rate into the bubble;
Stagnation enthalpy of entering air;h =

Bubble p. essure;P =
b

Bubble volume;V =

Rate of heat received from the surroundings.Q =

Equation (C-2) can be written as

d * * *

p (H - P Y} # ~ +9"
B o B

Or

. . . .

B =h, + Q (C-3)R - VP =

1764 350
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but:

VKP !( ~VpKRT/(K-1)H DVh == =
B

. ..

(K/(K-1)(VPB+ B. ' . H =

Substituting in (C-3) and rearranging:

5 m-lN,M - K P +(-) !=

3 B

or:

.

5 G-1)h ,M - m k/R + M=
3 3

In the absence of heat transfer:

dP
B (K-1) h /V - 3KP R/R (C-5)dt- = B

It is immediately evident from Equation (C-4) that neglecting boundary effects,
the dynamics of a charging bubble depend mainly on the product $h , (the

enthalpy flow rate) and the heat transfer rate (Q).

Heat transfer becomes important if the vapor pressure of steam is substantially
higher char t ie saturation pressure corresponding to pool temperature.
Numerical calculations show that for a mixture of air and steam, it is possible

to have an increase in the peak positive pressure for successive oscillations.

In other words, if at the end of the first contraction the peak pressure is

P , at the end of the second contraction, the peak pressure P3>P. This may
1 t

continue for two or three oscillations and then the peak pressure begins to

decline due to reduced bubble energy. The variations of peak pressure depend

strongly on the percent steam and the heat transfer coefficient.

1764 351
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For the quencher where almost all of the steam is condensed before the bubble
is formed, the tern Q is negligible and the pressure becomes dependent mainly

.

on mh
o.

Neglecting heat transfer and assuming that the charging process is completed
in one half cycle, i.e. , by the time the bubble pressure reaches its first
minimum, the only way that the magnitude of the minimum bubble pressure can be
controlledisbycontrollingEh which in general is a function of time. In

principle, it should be possible to produce any minimum pressure between the
vapor pressure corresponding to pool temperature and the local hydrostatic
pressure, provided Eh can be controlled without restriction. In practice,
howev er , there are restrictions on both m and h,. One can assu=e that h,
(stagnation enthalpy) is fixed, then m is the only variable. However, the fact
that the total mass of air is fixed requires that:

V,
=dt - 2

J
0

where : is the duration of flow. Other restrictions on a are due to limitations
on the geometry of discharge device and the dynamics of the air clearing
transient.

Although Equations (C-1) and C-5) cannot be solved analytically, even if E(t)
is known, parametric studies show that generally the slower the rate of flow,
the higher the mini =um absolute pressure (i.e. , the lower the pressure

a eear s out by the time tMs minism pres-dif f erential P, - PBmin .
sure is reached, then the max 1=um bubble pressure which occurs nalf a cycle
later, will also be smaller for a lower flow race. This fact will be shown

for both isentrepic and isothermal bubbles.

The point h re is that reducing the flow rate of enthalpy to the bubble is the
key to the reduction of air-clearing loads. That is the principle of operation

of the quencher.

.
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C.1 ISENTROPIC BUBBLE

If a bubble of fixed mass in a finite pool starts at a minimum pressure P
and undergoes an isentropic compression to a maximum pressure P , this

maximum pressure can be predicted as follows:

Conservation of energy applied to the pool:

, o* 6.

E -E P M- P dV=
2 y 3 a

1 1

where P, = atmospheric pressure above the pool surface:

E -E -(P V - P V )/ (K - 1) - P,(V ~V) (C-6)
=

2 y 2 yy 2 1

where:

P = absolute minimum bubble pressure;y

P = absolute maximum bubble pressure;2

P, = absolute hydrostatic pressure

The change in the energy of the pool is simply the change in its potential
energy (KE of pool is = 0 at both states):

E -E (V - V )ogH (C-7)
=

2 y 2 y

Where H = submergence of center of bubble.
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Substituting in (C-6):

(V2 - Y )pgH 2 2 - P V ) / (K - 1) - P,(V2 l
- (P Y ~V}=

l yy

or

- (P Y - P V )/ (K - 1) (V - V )P, (C-8)=
22 y1 2 y

where

P, P, + pgH=

Using the isentropic correlation:

V (P /P ) !V =

2 y y 2

Equation (C-8) reduces to:

- (.K - 1) (1 - (P /P ) ]/(P /P - (P /P ) !b (C-91P /P, =
y 2 y 2 2 y

C.2 ISOTHERMAL BUBBLE

This is the same as C.1 except:

f
P

B l1 (2 1)"

and

PV PV=
1 2

The final result is:

P /P, (P /P - 1A n(P /P )=

2 2 y 2 y
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APPENDIX D

FORMULATION OF BUBBLE DYNAMICS

1764 355
D-1/D-2

--

_ _ _ _ - - . . .



..

NEDO-21878

APPENDIX D
~

FORMULATION OF BUBBLE DYNAMICS

The dynamics of an oscillating and migrating bubble in a finite pool are
formulated using the energy approach. Referring to Figure D-1 and consider-
ing the water as a closed thermodynamic system, the following energy balance
equation applies.

. .

W+E, Q (D-1)
=

histherateofworkdonebythesystem,i.e.,bythewateronthe
surroundings:

h = - (P 2*+E
*

a) 4n R R~

R (D-2)B

where:

P atm sphere pressure above the pool surface;=
a

P bubble pressure;=
3

R bubble radius;=

k
R f energy released by acoustic radiation (see Appendix B= rate

for derivation)

b 2 *2
(4n o R /C) (R*2 + 2 (P3 + P,) /p)=

R

where:

P, P,+ (H - Z) ag (D-4)
=

1764 3'56D-3
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-

.

E, Rate of change of energy of the system:=

(PE), + (KE)s + (U), (D-5)5 =
s

where, using the pool bottom as the reference plane,

+hR (H - Z)(PE)s og A=
p

Neglecting change of H with time:

4n R og[R(H-Z)-Ri/3] (D-6)(PE)g =

The kinetic energy of the system can be approximated by the following

expression:

d/3+2npR k [ 1 + R/2Z - R/2 (H-Z) + 4R/ M )(KE)s
= np R

\
p

(D-7)

The first term on the right-hand side is due to vertical motion of the bubble,
using a hydrodynamic mass of (2/3) n p R. This term becomes significant only

near the end of the transient when the bubble approaches the free surface.

During the first few oscillations, which are of interest, this term is
negligible compared with the second term, due to Z being much smaller than
average absolute value of R. The second term on the right-hand side of

Equation (D-7) represents the kinetic-energy of the system due to radial
motion of the bubble (see Appendix A for derivation) . The terms R/2Z,
- R/2(H-Z) and 4R//A" are due to boundary and free surf ace ef fects. Without
these terms, the KE f pool due to bubble oscillation reduces to 2r pR R ,
i.e., that due to an oscillating bubble in an infinite pool. Boundary

effects become significant only when the bubble radius becomes comparable

to the distance between the center of 'he bubble and the nearest solid
boundary. A more rigorous treatment of the KE of the pool requires the

D-4
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solution of the transient potential flow field for any given pool geometry

at every time step, something which, except for very simple geometries is not
practical.

Differentiating Equation (D-7) with respect to time, gives:

wo[R b + (2/3)Rb + (6R R + 4Rb)(KE)g =

(1 + R/22 - R/2(H - z) + 4R/ 6p)

+ 2R k (k/22 + 4k/ @ - R$/2z k/2(H-z)

+R$/2(3-z) } (D-8)

Finally, neglecting viscous dissipation the rate of increase of the internal

energy of the system is. equal to the rate of heat received at the bubble

surface:

6 (p_9)" L(U)g
=

d

Substituting Equations (D-6), (D-8), and (D-9) in (D-5) we obtain:

.

2AnR io[g(H - z) - gRi/3h + i /4 + Riif/6k5, =

+ (3k /2 + RN)(1 + R/2z - R/2(H - z) + 4R/v'Ip)

+(Rk/2)(k/2: k/2(H-z)+R$/2(H-z)

+ 4k/ @ - R$/2z )) g2

1764 358
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Simplifying:

5, = 4wR RD[g(H - z) - gRh/3k + b /4

+R$$/6k+RN(1+R/2z-R/2(H-z)

+ 4R/vTp) + k (3/2 + R/z - R/(H - z) + 8R/h)

+ R k$/4(H - z) R k$/4z ] + Q (D-10)-

Substituting (D-3) in (D-2) :

'

anR $L(P -P}+( 0
=

3 B
*

9

(R" + 2(PB+ =) /p ) (D-ll)

Substituting (D-10) and (D-ll) in (D-1):

AnR ko[g(H - z) - gR$/3d + ;2/4 + R$z/6k

+Rk(1+R/2z-R/2(H-z)+4R/S)

+ i (3/2 + R/z - R/(H - z) + 8R/Q)

-Rk$/4z +R$$/4(H-z) + (P, - P )/P
B

+ (R/C)(R*2 + 2(PB + P,) /p) ] + h = h
.

D-6
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Simplifying and rearranging:

((1/o)(P (1 - 2k/C) - P,(1 A 2k/C))R = -

B

- i (3/2 + R/z - R/(H - z) + 8R/ 6p + k/C)

2RE(g/3k+RR/4z - Rd/4(H - z) ) - z 74+

- R$$/6k]/ (2 + R/z - R/(H - z) + 8R/ @ ) (D-12)

Where P, is the absolute pressure in the undisturbed pool at the elevation
of the center of the bubble, therefore a function of time.

Equation (D-12) reduces to Raleigh's equation: Rd+3/2g2 (pB _ p )j,

m

if the effects of compressibility, finite size, vertical motion, and gravity

are neglected.

Numerical solution of Equation (D-12) poses a problem due to the fact thatk
appears in the denominator of two of the terms on the right-hand side.

Although the sum of these two terms has a finite limit for R = 0, each term

becomes infinite when R = 0. To avoid this difficult 1y, a is approximated for

an oscillating spherical bubble and substituted in (D-12) as follows:

(4/3)nR pgBuoyancy =

3*Momentum of water in the vertical direction = 2nR oz/3

Momentum of bubble is negligible (small mass):

(2nRoE/3) (22o/3)(3R k$ + R 5)3*

. . (4/3)nR og = =

or

..

2g - 3Rz/R (D-13)z =

1764 % 0-7
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This convenient approximation does not affect the accuracy of the results,

since Z and Z will be calculated accurately.

Substituting (D-13) in (D-12) gives:

k = [(1/p)(P (1 - 2k/C) - P,(1 + 2k/C))
B

it (3/2 + R/z - R/(H - z) + 8R/ S + k/C)
2

2 2**+ z /4 + (R Rz/4)

(1/z - 1/(H - z) ]/ (2 + R/z - R/(H - z) + 8R//ip) (D-14)

It remains to define P and Z as functions of time to be able to solve
B

Equation (D-14).

Bubble pressure P is calculated from Equation (C-5) (see Appendix C) which
B

is coupled with Equation (D-14).

Finally, the vertical motion of the bubble needs to be defined (Figure D-2).

Even though Equation (D-13) is a good approximation of the vertical accel-

eration of the bubble, strictly speaking it is only good for an infinite ocean.

The hydrodynamic mas, of a bubble in a finite pool may be substantially more

than 2xR p/3. The vertical motion of the bubble is calculated by considering
the difference in the rate of expansion and contraction of the bubble in the

positive and negative Z directions, due to the difference in the local values

of P,. It is assumed that this preferential expansion (and contraction) only

causes vertical motion of the bubble but the spherical shape of the bubble is

maintained.

Referring to Figure (D-2)

. . .

(R - R )/2 (D-15)z =
7 2

D-8

1761 W
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Also:

(Ry + R ) /2R =
2

. . .

* (R + R )/2.. R =
2

or

. . .

R 2R - R=
2 y

Substituting for R2 in (D-15):

. . .

R -R (D-16)z =

and

.. ..

Ry-R (D-17): =

Equation (D-17) is used to define the vertical motion of the bubble. To

calculate R , in equation similar to Equation (D-14) is employed, except:

P,7 P,- Rog (D-18)=

and, from Equation (D-16):

. . .

z+R (D-19)R =
y

are used in place of P, and R. This method predicts a slower rate of bubble

rise than predicted by Equation (D-13).

This completes the formulation of the problem which involves three simultaneous

differential equations in terms of radius (R), distance of center of bubble

from a reference horizontal plant (Z) and bubble pressure (P )*
B

[ M[D-9
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APPENDIX E

MONTICELLO SHELL PRESSURES

.
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_ _ _ . .

Table E-1

TORUS SHELL PRESSURES

Peak Positive / Peak Negative (psid)
(Sheet 1 of 8)

Run Test
No. No. P12 P13 P14 P15

2 2

3 501 *

4 502
5 801
6 802
7 901
8 902
9 903

10 904
11 905
12 1101
13 1102
14 ' 1103
15 1104
16 1105
17 12
18 1301
18 1302
18 1303
19 14
20 15
21 1601
21 1602
21 1603
21 1604
21 3605
22 18
23 19
24 21
25 22
26 2301
28 2302
30 2303
31 2304
31 2305
31 2306
31 2307
32 24

* Proprietary information has been deleted.

1765 004
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Table E,1

TORUS SHELL PRESSURES
Peak Positive / Peak Negative (psid)

Run Test (Sheet 2 of 8)
No. No. P16 Pl7 P18 P19 -

2 2

3 501
*4 502

5 801
6 802
7 901
8 902
9 903

10 904
11 905 -

12 1101
13 1102
14 1103
15 1104
16 1105
17 12
18 1301
18 1302
18 1303
19 14
20 15
21 1601
21 1602
21 1603
21 1604
21 1605
22 18 .

23 19
24 21
25 22
26 2301
28 2302
30 2303
31 2304
31 23n5
31 2306
31 2307
32 24

.

* Proprietary information has been deleted.

1765 005
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_

Table E-1
'''US SHELL PRESSURES

Peak Pe.,;sive/ Peak Negative (psid)'
Run Test (Sheet'3 of 8) ,
No. No. P20 P21 P22 P23

2 2
3 501
4 502
5 801
6 802 ***

7 901
8 902
9 903

10 904
11 905
12 1101
13 1102
14 1103
15 1104
16 1105
17 12
18 1301
18 1302
18 1303
19 14
20 15
21 1601
21 1602
21 1603
21 1604
21 1605
22 18
23 19
24 21
25 22
26 2301
28 2302
30 2303
31 2304
31 2305
31 2306
31 2307
32 24

.

* Sensor 20 zero-shif ted by -0.3 psid at' test start (1302)
7 "06** Sensor 20. .zero-shif ted by +0.5 psid at test start (2307)

*** Proprietary information has been deleted.
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Table E-1

TORUS SHELL PRESSURES
Peak Positive / Peak Negative (psid)

Run Test (Sheet.4 of 8) '

No. No. P24 P26 P27 P29
~

2 2
*

3 501
4 502
5 801
6 802
7 901
8 902
9 903

10 904
11 905
12 1101
13 1102
14 1103
15 1104
16 1105
17 12
18 1301
18 1302
18 1303
19 14
20 15
21 1601
21 1602
21 1603
21 1604
21 1605
22 18
23 19
24 21
25 22
26 2301
28 2302
30 2303
31 2304
31 2305
31 2306
31 2307
32 24

* Proprietary information has been deleted.

1765 007
,_,
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Table E-1

TORUS SHELL PRESSURES
'Peak Positive / Peak Negative (psid)

Run Test (Sheet 5. of 8)
No. No. P30 P31 P33 P34

2 2

3 501
4 502 *

5 801
6 802
7 901
8 902
9 903

10 904
11 905
12 1101
13 1102
14 1103
15 1104
16 1105
17 12
18 1301
18 1302
18 1303
19 14
20 15
21 1601
21 1602
21 1603
21 1604
21 1605
22 19
23 19
24 21
25 22
26 2301
28 2302
30 2303
31 2304
31 2305
31 .306'

31 2307
32 24

.

*Proprie.cary information has been deleted.

1763 003
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Table E-1

TORUS SHELL PRESSURES
Peak Positive / Peak Negative (psid)

Run Test (Sheet 6 of 8)
No. No. P35 P36 P37 P38

-

2 2

3 501
4 502
5 801 *

6 802
7 901
8 902
9 903

10 904
11 905
12 1101
13 1102
14 1103
15 1104
16 1105
17 12
18 1301
18 1302
18 1303
19 14
20 15
21 1601
21 1602
21 1603
21 1604
21 1605
22 18
23 19
24 21
25 22
26 2301
28 2302
30 2303
31 2304
31 2305
31 2306
31 2307
32 24,

.

*P35 shifted at beginning of reading by +1.1 psid.
** Proprietary information has been deleted.

1765 009
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Table E-1

TORUS SHELL PRESSURES
Peak Positive / Peak Negative (psid)

Run Test (Sheet 7 of 8)
,

No. No. P39 P40 P41 P42

2 2

3 501 *'

4 502
5 801
6 802
7 901
3 902
9 903

10 904
11 905
12 1101
13 1102
14 1103
15 1104
16 1105
17 12
18 1101
18 1302
18 1303
19 14
20 15
21 1601
21 1602
21 1603
21 1604
21 1605
22 18
23 19
24 21
25 22
26 2301
28 2302
30 2303
31 2304
31 2305
31 2306
31 2307
32 24

* Proprietary information has been deleted.
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Table E-1
TORUS SHELL PRESSURES

Peak Positive / Peak Negative (psid)
Run Test (Sheet.8 of 8)
No. No. P43 P46

2 2

3 501 *

4 502
5 801
6 802
7 901
8 902
9 903

10 904
11 905
12 1101
13 1102
14 1103
15 1104
16 1105
17 12
18 1301
18 1302
18 1303
19 14
20 15
21 1601
21 1602
21 1603
21 1604
21 1605
22 18
23 19
24 21

25 22
26 2301
28 2302
30 2303
31 2304 1

31 2305
31 2306
31 2307
32 24

* Proprietary information has been deleted.
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APPENDLX F

1/4 SCALE T-QUENCHER TEST BUBBLE AND WALL PRESSURES
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Table F-1

1/4 SC4'.E T--QUENCHER TEST BUB 3LE AND WALL PRESSURES (Sheet 1 of 3)

Bubble Pressures Tank Wall Pressures
Test identification (psid) (psid)

__

iT 19 PT 20 Pressure *PT Nuntyj

Test A Rurs 1-4 Highest Value 11/15

Baseline Case- Mean |
(Choked T-q) Std. Dev. ,,

4 Piping Ar . A 4td. Dev./MeanA

Test B auns 1-5 Highest Value 11/15
"**"PTank = 7.7 psia
Std. Dev.(Choked T-q) Std. Dev./MeanPiping Arr. A

11/12
Test C Rur.s 1-4 riighest Value

MeanPTank = li.25 psia
(Choked T-q) Std. Dev.
Piping Arr. A Std. Dev./Mean

16/15
Test 1, Runs 1-4 Highest Value -
Baseline Case Mean

Piping Arr. A Std. Dev.
Std. Dev./Mean

11/15
Test 2 R ns 1-4' Highest Value
Low Steam Fl:w Mean

Std. Dev.Piping Arr. A
Std. Dev./Mean .

15/15
Test 3 Runs 1-4 Highest Value
High Ste=.rm Flow Mean

Std.-Dev.Piping Arr. A
Std. Dev./Mean

11/15
Test 4 Runs 1-5 Highest Value
PTank = 11.25 psia .Mean

Std DevPiping Arr. A Std.'Dev./Mean
11/15

Test 4A Runs 1-4 Highest Value
NanP ank = 7.7 ;siaT Std. Dev.Piping Arr. A
Std. Dev./Mean

11/12
Test 5 Runs 1-6 Highest Value * *^

Air Length = 26' Mean

Piping Arr. B Std. Dev.
Std. Dev./Mean

16/16
Test 6 Rurts 1-5 Highest Value
Air Length = 26' Mean-

Std. Dev.r
iank = 11.25 psia Std. Dev./Mean

Piping Arr. B

* Proprietary information has been deleted.
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Table F-1

1/4 SCALE T-QUENCHER TEST BUBBLE AND WALL PRESSURES (Sheet 2 of 3)

Subble Pressures Tank Wall PressuresTest identification (psid) (psid)
*

PT 19 PT 20 , Pressure s PT Numbers

Test 7 Run 1, 3-5 Highest Value 15/12 *

Air Length = 108' Mean

Piping Acr. C Std. Dev.
Std. Dev./Mean

Test 8 Runs 1-4 Highest Value gjjj3
MeAir Length = 108'
t M.

PTank = 11.25 psia Std. Dev./Mean
Piping Arr. C

Test 9 Runs 1-7 Highest Value 16/16
T-quencher Dist. to Mean

Tank Botton = 0.7' Std. Dev.
Piping Arr. D Std. Dev./Mean

Test 10 Runs 1-4 Highest Value 16/15
Large Pix (52') Mean

Piping Arr. E Std. Dev.
Std. Dev./Mean

.

Test 11 Runs 3-6 Highest Value 15/15 i

Waterleg = 6.25' Mean

Piping Arr. F Std. Dev. -

Std. Dev./Mean

Test 12 Runs 1-4 Highest Value 12/15
Large Pipe (26') Mean

i

Piping Arr. G Std. Dev.
Std. Dev./Mean

Test 13 Pans 1-4 Highest Value 16/16
Submergence = 2.8' Mean

Piping Arr. H Std. Dev.
Std. Dev./Mean

Test 14 Runs 1-4 Highest Value 15/15
Waterleg = 1.65' Mean

Piping Arr. I Std. Dev.
Std. Dev./Mean

Test 15 Runs 2-5 Highest Value j7jj7

APTank/Pi:e = 2.87' H O Hean2 STd. Dev.
Piping Arr. I

Std. Dev./Mean

Test 16 Runs 1-5 Highest Value 15/17
Wetted Pipe =.2.87' Mean

Piping Arr. K Std. Dev.
STd.Dey./Mean ,

i

* Proprietary information '- been deleted.
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Table F-1

1/4 SCALE T-QUENCHER TEST LUBBLE AND WALL PRESSURES (Sheet 3 of 3)

isubble Pressures Tank Wall PressuresTest Identification * * (psid) (psid)
PT 19 PT 20 Pressure * PT Numbers

.

Test 17 Runs 1-5 Highest Value 17/13
Waterleg = 2.5' Mean

Minimum submergence Std. Dev. ***
Piping Arr. K Std. Dev./Mear

" "Test 18 Runs 1-4
nAPTank = 4.9 + psia Std. Dev.Piping Arr. J Std. Dev./ Pean

Test 19 Runs 1-4 Highest Value 13/13
~

AP = 0.75' H O
Tank / Pipe 2

t Dev.
Piping Arr. K Std. Dev./Mean

Test 20 Runs 1-5 Highest Value 16/18
Waterleg and Mean

Submergence = 3.38' Std. Dev.
Piping Arr. I Std. Dev./Mean

.

. For sensors with highest positive and negative values.

** For piping arrangement see Figure B-1.

*** Proprietary information has been deleted.
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