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DISCLAIMER OF RESPONSIBILITY

Neither the General Electric Company nor any of the contributors
to this document makes any warranty or representation (express
or implied) with respect to the accuracy, completeness, or
usefulness of the information contained in this document or that
the use of such information may not infringe privately owned
rights; nor do they assume any responsibility for liability or
damage of any kind which may result from the use of any of the
information contained ir this document.
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NOMENCLATURE /KEYWGRDS

Symbols used in the body of this report are defined below.
Figure P-1 shows a typical Mark I wetwell arrangement and illustrates the

components and Larameters important to the discussions in this report.

B = flow area, ft2

Ae = effective pool surface area, ft2

C, = specific heat at constant pressure, Btu/lbm °F
C, = specific heat at constant volume, Btu/lbu °F

D = downcomer diameter

F = torus load, 1bf

%T = friction and form flow resistance coefficient (dimensionless)
q = gravitational acceleration, ft/sec2

9. = gravitational constant = 32.2 ibm-ft/1bf-sec?
h = enthalpy, Btu/1bm

hS = downcomer submergence, ft

éB = mass filowrate into bubble, 1bm/sec

Py = bubble pressure, 1bf/ft’

PD = initial drywell pressure

pfs = freespace pressure, lbf/ft2

Pw = initial wetwell pressure

P = rate of change of pressure, psi/sec

vii
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heat loss rate, Btu/sec ft3

specific gas constant

entropy, Btu/1bm-°R
subscale dimension

scale factor, 7T scale dimension

time, seconds

stagnation temperature, %R

bubble temperature, °R

drywell gas absolute temperature

initial vent temperature, OF
flow velocity, ft/sec

bubble volume, ft3

(dimensionless)

first time derivative of Vg, ft3/sec

second time derivative of VB’ ft3/sec

(reespace volume, ft3

2

displacement in the direction of flo ft

density, lbm/ft3

bubble rise velocity, ft/sec
bubble impedance factor, ft
Cp/Cv

viii
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Main vent
Freespace

Downcomer 2

waterslug

.

- -/]/
<T7:ﬂﬁ exit or

downcomer exit

Waterleg
Length
uppression

pool

*Submergence, given in p water
£

**AP, given in psi or

S
t.o or fraction of submergence
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INTRODUCTION

The Mark I Loss-of-Coolant-Accident (LOCA) load definition
subscale test data to define torus vertical loads during a pool swell
transient. VYeak download and upload values are derived from Quarter Scale
Test Facility (QSTF) plant uniqu est dat Data from the 3-dimensional
EPRI 1/11.7 scale tests provided a ¢ rc load distribution
function used with the QSTF data tc lish the complete load definition
"1 swell testing conducted for the Mark

ased on sca'ing relationships developed by Moody

tests were conducted at ambient temperature 1sing

s1stances in the vent system so that enthalpy f

| a 15 e 2 s & _— S— ~ - -
ly modeled. Flow resista corrections were b

incompressibie Tlow through the vent/downcomer system. Recent work

-hambre under contract to EPRI (Reference 2) has shown that gas

& B el = S -
y effects were n orrect ly modeled

omparison between

predict
jifferences i .ne pressure histories that could potentiall

lesign loads.
gain a better understanding

1 1

node! was developed which simulates M [ vent clearing and pool
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swell phenomena. The model combines a compressible vent flow jel with a
pool hydrodynamics model. The vent model was verified independently by
demonstrating that it accurately handles various test cases with known

|

solutions. The pool hydrodynamics model was calibrated using QSTF pool
swell data. Since applicability of Moody scaling relationships to pool

| hydrodynamics has been repeatedly demonstrated in subscale
facilities (Refer nces 5 through 8), the combined vent-clearing/pool-swelli
model can confidently be used in conjunction with scaling laws to predict

1%

the sensitivity of full scale pool swell loads to vent system

> Ll B I
compressibility effects.
This report briefly discusses Mark I pool swell scaling, describes
the newly developed vent-flow/pool-swell model including various test

" & dn 1 t o) niaid 4.0 . = d . - -
13ses, and presents analytical predictions of the effects of vent systen

compressiuility on Mark I pool swell loads.




NEDO-24, '8

SECTION 2
SUMMARY OF COMPRESSIBIL
understanding and
successful modeling of vent system compressibility effects. Although
compressibility effects were not modeled in previous subscaie tests, the
tests have been shown to be conservative for existing Mark I conditions.
Compressihility eCt on peak download ranges from a load increase

11 AD
I

near fuil

1£
i

¥ to a 10 percent decrease at moderate AP. DPeak

upload is uniformly mitigated by compressible effects., typically Dy about

15 percent. The change in download impulse due to compressibility effects

n ~ o v O : sk . 11 . B e s . 3 ~
ranges from negligible at ful 0 a decrease of abwut 3 percent at

,
small to moderate AP,

. . x ) S Dies . i
Additionally, as a part of this study, known differences between

~4 112 ‘*TF tac ~anditina . o L& svina %

actual QJIF test conditions and ideal test conditions have been cuantifiec

SONAY a ] fr . r rsacc1hi14 F Aan . - G . ¢
separately from compressihi ity effects. Test conservatisms were found to

A

provide 4 to 6 percent added margin in QSTF loads for the case examined
Compressibility effects in the Mark I vent system are nrimarily

manifestations of vent system acoustic delays which are of the same order

as characteristic times of the pool swell transient. Prior to t

venl
clearing, acov.cic response to the irywell pressurization ramp causes the

L

downcomer exit

instantaneous drywell values.
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retard the development of quasi-steady flow into the bubble, resulting in

a mass flow decrement (relative to incompressible flow) which acts to

mitigate pool swell response.
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- Pool swell testing has been conducted in a variety of subscale
Mark I facilities (References 1, 5, 6, 7, 8) to better understand
post-LOCA response in the Mark I configuration and to confirm analytically

derived scaling laws. Typically, of one or more

e
~¢

.y

)

¢

~
Vv
A

downcomer pairs and their associated vent header and main vent sections

mounted 1n a torus segment so that, based on symmetry arguments. the test
assembly represents one or more “cells" of a full Mark I contai..ent. All
components are geometrical caled; relative sizes of vents, headers, and
so on, are consistent with full scale. Ouring the tests, initial
properties (e.g., dryw2il and wetwell pressure) and instantaneous

parameters (e.g., dryeell pressurization rate or vent flowrate) are

ntrolled a " ) to scaling considerations to assure pool swell
transient perf ince results which can be scaled up to predict full scale
performance.
The fuarter Scale Test Facility (QSTF) consists of a downcomer pair
mounte a torus segment nominally of 1/4 linear scale ictual Mk I
. torus si1zes vary slightly). faowncomer configuration and cell
width (length of the torus segment) can be varied to perform plant unique
sts. Drywell pressurization and pool swell is driven by a pressurized
11r tank which down through a burst disk arrangement into the
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and pressure transducers are used to measure torus

The JYF 1S described \ in Reference 1.

r SubSCq

are invarient from

~ - L 1M 1o < ’ ~ ~
gimension iess pressure

at a given location
v ] - -~ ¥
viiue 0
jsed
\ (neglecting Re effect:
Dy 'v_?.i/:‘t‘

wh 1 ch requl res eijther 3 V‘:f'.j‘ '\'Eﬂ/y ]'3% ) & 1 W tﬂvyu—j%'« )? ire

rreserving by low temperature or heavy gas

1

the Q5I1F and subscale tests, the

ind the

ent
venl
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SCALING RELATIONSHIPS

Length

Time

Pressure
Temperature
Velocity
Enthalpy flow

Mass flowrate

Two important : esistance scaling should
- > oL 4 > 110U
esistance scaled tests are typicall: } with geometr
of the vent/downc
the total system
résistance, the subscale model
distribution (also referred to as vent
]

However, judicious p

= acement of the

satisfactory lation of

"“'f.. ~a 4) T D <orn 1 on ¢ )
nererence 4) ine second ct equence

report: vent Mach

prototype.

tha came A< R
ame as length/time ~ SF.
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response can be very short
effects of vent system compress
EPRI/CHAMBRE MODE

Consequences of

system were first studie

at Berkeley under sponsorship
flow mode! of the vent system i

ytanford Rese: ' Insti

low equatio

enerqy e

nonent
l‘(." ¢ ] "

-

the

1

I Was

1

>

compr ¢

The mode]l

riate
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Chambre's work was not intended to be used to predict containment

and thus the current study was undertaken to estimate tt fluence
5sibility on containment loads.
MODEL

The GE/Acurex model consists of a fully compress

vent flow model coupled to a semi-empirical bubble/po
vent mode! solves me momentum and entropy equations

technique. It is flexible enough to handle vari L system
configurations, using a series of nodes conne~ted b

y fl yaths “h can be

ised to simulate friction loss and area change effe
the drywell t s1ng le downcomer exit
areas which have been reduced to simulate the

=

ireas which service ] gowncomer

nodel cannot

jowncomers 1in

the vent

may be Spex

conservation and
consery jt" M eGi

Cheme ire 1 1¢
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Development of the bubble model required attention to the basic

physics invnly in order to accurately simulate bubble and freespace
pressure transients as well as the net torus loads. The model uses a
modified Rayleigh bubble formuiation with an empirically determined
impedance factor to simulate the effects of side walls d -ent
bubbles in prototypical
enerqy equat S are av
conservation

1al boundary jitions, the instantaneous

freespace P it the bubble vo 1 2 i TO the

rreadnaces
W al

advantageous

-~ 4 T
104ads., ine

’

ntan : ny . 4 £ o b 3 -~ 0
tantaneous pressuy ial between the bubble i the wetwel

& " e " + 3 . " : -
rreespact } ! e b1 )3 . 10 ) s1ng water > 1uUg

and an e
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SECTION 4

GE/ACUREX MODEL

This section provides a detailed description of the GE/Acurex

vent-flow/pool-swell mode!, including development of the finite difference

equations solved in the model and the results of various test cases and
sensitivity studies.

VENT MODEL -- GOVERNING EQUATIONS

The basic equations of motion which control events in a one-
dimensional vent system are continuity, momentum and energy. These are

respectively:

otracting u times the momentum equation from the energy equati

intrcducing the Gibb's relation,

dh = Tds + dp/;
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an entropy conservation equation is developed, namely
QU4
ol 2T D

\

The equation sei to be solved will include equations (4-1)

(4-5). The choice of the entropy equation, although arbitrary, yields

somewhat simple algebra and the ability to deal with a primary variable

that is nearly invariant in many practical situations.

The nodal grid selected for ‘reatment is shown in Figure 4-1.
is presumed that the primary variables change linearly between adjacent
grid positions. Time derivatives are represented with a linear backward

fifference of the form

where y is any variable. This formulation will assure a valid steady
state solution set when At becomes very large.

Use of backward difference techniques also avoids the problems
introduced by "stiff" equation sets which may be locally introduced in the
werall nodal representation.

Introducing relations of the form of equation (4-6) into equation

4-2), and (4-5) yields the following set of ordinary differential

»

equations
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(v
A )

&y <

0\ ,, du _ -ulu| 4f 1dp
(u=u") ) S8 g8l 3N
il il - 2 D pdx

al © dx ot 21 D

; 0 9 0 .. '
where p-, u”, s” refer to values of the variables at the previous
time increment.

reduce these equations to algebraic relations, each is

Integrated between successive nodal points. Assuming that 1/p, u,

vary linearly between nodes,

integration of Equations 4-7, 4-8 and 4-9, yields:

3 " )
; 0 A
- 0 "4‘ T g * 1 g 1
] 1 1=-1 1-1 1=-1
+ 20t LR - L A Y/ = 0
4 F i 1“111-1)‘\‘_1".')( J

(4-10)
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4.2 VENT MODEL -- TEST CASES

1.

Isentropic Nozzle Flow -- The vent flow model was run with mass
flowrate fixed at the inlet and pressure fixed at the exit.
There was a single area change in the vent system and no
friction losses. The model quickly settled on a steady state
solution, and the resulting values of pressure, temperature,
velocity, etc., agreed with isentropic flow table values.
Constant Area Fanno Flow -- The vent flow model was again run
with mass flowrate fixed at the inlet and pressure fixed at the
exit. Flow area was constant throughout the vent system, and
friction losses were specified between nodes. Steady state

values of pressure, temperature, etc., calculated by the

program were found to agree with Fanno flow table values. |
Transient Ramp Pressure at Entrance to Dead-end Pipe -- This

test case was run to check the model against the small

perturbation theory result of Reference 5. The vent model was ‘
run 'backward', with a specified mass flowrate of zero 1bm/sec

at the vent entrance to simulate a closed end and a ramped

pressure (0.1 psi/sec) specified at the vent exit. The vent |
was a straight pipe, 50 ft long, with no friction losses.

Program and theoretical results show excellent agreement

(Figure 4-2).

Timestep Sensitivily -- Test Case 3 was repeated at timestep

sizes ranging from 0.0005 .> 0.008 seconds (Figure 4-3). With

larger timesteps, the program converges more quickly on a

steady-state solution. As timestep size is reduced, the

program solution approaches the theoretical solution shown in

4-5
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ramp pressure at entrance




Pressure (psia)

14.

£.76

.74

n

.70
0.00

NEDO-24778

B 50 1t

Entrance pressure

Figure 4-3.

Entrance
P=14.7 + .
L
DR S ——— . |
Closed end pressure
1
0.40 e.50

Test Case 4 -- timestep sensitivity.
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Figure 4-4. Downcomer ¢ ing -

~ mnla 1 -~ - 11
ompietely expell
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Enerqy equation options are

W'"‘*]""
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for small V, and to behave like a slab bubble Vo Pp = P for
large y&. The coefficient 4 is a function of wall proximity. Its value
1S sst when the model is 'tuned' against quarter scale test data. The
term (1 - p) causes th buible stiffness to decrease with time to
N
t
simulate bubble rise. 1s adjusted to cause + 1 at bubble breakthrough.

1

The final boundary specification needed in the clearing and bubble

mode | equations is the freespace pressure, calculated using a process
exponent, n, as:
Pe. V', = constant, (4-21
4, TIMESTEP AND NODALIZATION SENSITIVITIE
A 26-node model (Figure 4-5) vent system was used in a timestep
sensitivity study. The test case used 2 full-scale vent system with mass
flowrate specified at the inlet (368.4 1bm/sec). Vent flow wa: ad1abatic,
ind the isothermal bubble option was used. Downcomer Submergence was
4.248 ft: initial -freespace AP was zero. Figures 4-6 and 4-7
mpare resuiting pressures and torus f rces from runs with time teps of
0005, 0.002, and 0.0 seconds., omparison of the curvs nf s that
).002 seconds is an adequately small timestep to achieve reliable results
for the purnoses of the A‘ﬂbfﬂ%AKJw'fty study. Twrjqu,J* the
mpressibility study, timesteps of 0.002 seconds were used in full scale

M1

runs and 0,001 seconds in guarter scale runs,
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AREA

1140 NODE LENGTH (ft) (#1?)

0 1,215 192.0

0 1,21¢ 192.0

0 1,235 192.0

0 1,235 192.0

0 1.235 192.0

0 T 1.00 g 5.01

s} 3.908 4.12%
1.N8 2.63 &.125
0.00%9é& 2.63 4.125
0.0056 2.63 4125
0.0035 2.63 4128
0.CuséE 2.63 4.125
0. 0036 2.63 6.125
0.005¢ 2.62 4.125%
1.5038 1.62 4.125
0 1.00 4,084
1.079 2.50 4.084
0 0.30 5.83
0.0866 2.00 5.83
0. 0866 2 00 5.83
0.0883 2.00 5.83
0 0.30 3.012
1.291 2.80 3.012
0.050 2.80 3.012
0.091 2.80 3.012

Figure 4-5. Full scale vent system -- 26-node configuration.

4-12
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The same full scale mode was used in a nodalization sensitivity

study. Results from the 26-node configuration (Figure 4-5), an 18-node

A

configuration (Figure 4-8) and an 1l-node configuration (Figure 4-9), are
compared in Figures 4-10 and 4-11. Comparison of the curves indicates
that the 26-node configuration, which was used in the full scale

compressibility study cases, is more than adequate for the purposes of the

st J"Y .
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ARF A
f1/0 NODE GTH ( ¢
cndet UOE LENGTH (ft) (ft”
N 3 - 21 A:-‘ 0
~ ' : 16
LY. y
0 1.23
0 1.23 )
~
0 1.2
P
c s
1 A
1.494
M
V.0
1.4
Figure 4-8. Full scale vent systen 18 -
< O. J C vent y e -= 10-nodge '“"“J.' 3ti10r
-+ - 7;
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AREA

RS = \ 2
f1/C NODE LENGTH (ft) (f?
"
v 15 0
¥< . 0
"
v
" £ 19
0.1
A"
¢
v
v
<
; 1.0C
e — »
2 £
.9V & -
- 0.30 £
£
. .
4
0 0.3
s K
A & A
3 o -

e vent system -- ll-node configuration.

.
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30.00

Full scale configuration &

. ]

AP = 0, m = 368.4 1bm.sec, ¥

3 = N

20.00} - o 18, 26 nodes <

10.00}- 11 nodes
-10.00p
-20.00}=
-30.00[
-30.00 1 1 1 1 |
0.00 0.20 0.40 0.60 0.80 1.00 .20
Tine (sec)

Figure 4-11.

Nodalization sensitivity -- force.
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SECTION 5

MODEL CALIBRATION AND QUALIFICATION

The various phases of the model evaluation are summarized in

N

Table 5-1. First, the model was tuned against QSTF (as tested) data to

find optimal selections for the heat transfer options and the two bubble
mode | controls, ¢ and . Further model qualification was obtained through
compar isgn with EPRI/Chambré test and model results. Full Scale Test
Facility (FSTF) data confirmed the model's performance with full size vent
system dimensions and scaled-up bubble model controls. Finally. tn
quantify comgressibility effects (Section 7), idealized ("perfect") QSTF
test cases and the corresponding full scale cases were compared using the
calibrated model and the Moody scaling relationships.

The calibration phase of the model evaluation used a 9-node
representation of OSTF with flow resistances lumped at the two orifice
locations (Figure 5-1). The Monticello configuration was used because the
QSTF plant-unique Monticello test series covered the widest range of
submergences (3 ft. 4 in. to 4 ft. 3 in.) and AP's (zero to full). Good
agreement with test data was obtained uver a wide range of AP and
submergence by adjusting ¢, the wall proximity factor. For a fixed

)

submergence, ¢ is decreased as AP decreases; decreasing AP (longer
waterleg) increases bubble pressure at clearing and drives the bubble

deeper into the pool, increasing constraints on bubble growth (wali
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effects). For a fixed AP/submergence (or fixed AP), ¢ is decreased with
increasing submergence (longer waterleg); wall effects are greater since
the bubble is injected deeper in the pool. Figure 5-2 shows that ¢ varies
in a predictable and well-behaved manner over the range of test case
conditions. Using a constant bubble rise velocity, r, of 4.75 ft/sec, the
mode] agreed well with data for all the test cases. The mcdel heat
transfer option which gave the best agreement with test data was the
adiabatic-vent/isothermal-bubble combination. Comparisons between QSTF
data and calibrated model results for the four test cases are shown in
Figures 5-3 to 5-5.

Bubble pressure comparisons (Figure 5-3) show good overall agreement.
In the zero AP cases, the model slightly overpredicts bubble pressure at
the time of clearing, probably because it does not adequately account for
virtual mass effects of the vent waterslug. During the subsequent rapid
bubble growth, bubble pressure in the model drops telow the test data,
then recovers more rapidly than the data. These deviations occur because
the model simply forces the pool surface against the freespace air volume
which is compressed until breakthrough occurs due to slug thinning. In
the test, the pool surface hits the header/deflector while the bubble is
still growing; bubhle impedance changes, and heat transfer and turbulent
mixing effects are introduced in the freespace, followed by bubble
breakthrough. The mode! accounts for slug thinning, but does not treat
mixing or therma: effects.

Drywell and ‘reespace pressures (Figure 5-4) show excellent agreement
with the data until late in the transient when noticeable differences occur
in the freespace pressure. Again, this is because the complicated mixing

effects which occur after vent header impact are not modeled.
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Overall, the model matches the experimental load transients very

well (Figure 5-5). At zero AP, the transition from vent clearing to the

bubble model causes only a small departure from the data. Deviations late

in time > again evident; however, in general, peak upload is not
strongly affected.

Next, the calibrated mode. was checked against EPRI/Chambré test
and model results. Figure 5-6 shows the nodalizatiors; used for subscale
(small compressibility effects) and full scale simulations of the EPRI
1/11.7 scale test facility. The bubble model parareters, ¢ and n,
determined from QSTF data comparison, were scaled down to 1/11.7 using
Table 3-1 relationships. Model and test results are compared in Figure 5-7.
Drywel)l and freespace pressures show good agreement; the model overpredicts
bubble pressure somewhat. Chambre's analysis-to-exper iment compar ison
(Figure 5-8) is almost identical. Note also that both analytical models show
a time delay in the predicted bubble pressure.

To simulate full sca'e compressibility effects, Chambre reran his
model as if the test had been run with Mach number scaling (Table 3-1)
rather than resistance scaling: he reduced the vent system temperature by
the scale factor (1/11.7) and removed the orifice flow resistances.
Results are shown in Figure 5-9. The GE/Acurex model gave very similar
results when an EPRI full scale case with distributed losses was set up
(nodalization in Figure 5-6) and the results were scaled down to 1/11.7
(Figure 5-10). Note that prior to clearing the one-dimensional and
three-dimensional models agree closely in their predicted acoustic delays
and pressuriz..:on rates. This confirms the applicability of the
GE/Acurex ore-dimensional vent flow model in evaluating compressibility
effects. Later time variations in results should be expected since

Chambre used an expansion valid for early time in his bubble mod~1.
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Comparison with test data at full scale was obtained using data
from test M8 of the Full Scale Test Facility (FSTF) tests (Reference 10).
The vent system was modeled with losses distributed as shown in
Figure 5-11. The drywell pressure history from the test was used to
specify the vent entrance boundary condition, and the model predicted
freespace and bubble pressures. Agreement with test data (Figure 5-12)
was reasunable considering the completeness and limitations of the data
since the FSTF tests were not pool swell tests, for instance:

1. Bubble pressure was not actually measured in the test. The
)earest pressure measurement was near the downcomer mitre,
where local flow conditions may have caused differences between
actual bubble pressure and the measured downcomer pressure.

2. Complete vent system initial temperature distribution was not
available, so the model initial conditions may have been
inaccurate.

3. The nearest available drywell pressure measurement (used as
input to the code) was some distance from the vent entrance.
Hence there is uncertainty regarding the input drywell
pressure-time history.

4, Steam or water droplets may be entering the vent during the
latter portions of the pool swell transient. (Not checked in

the test and not handled by the model.)

(3]
)
=




TABLE -1. ANALYSIS INPUT PARAMETERS

Morywe 11 - |
¢ n (Single D.C.) Submergence —
(ft) (ft/sec) (1b/sec) (ft) Sub Scale |
.
QSTF as Tested
Mont 2 0.40 4.75 4.50 1.19 0.53 0.2801
Mont 5 0.30 4.75 4.50 1.19 0.0 0.2801
Mont 11 0.%0 4.75 4.50 0.941 1.0 0.2801
Mont 13 v.40 4.75 4.50 0.941 0.0 0.2801
EPRI 1/11.7 0.12 2.62 0.0708 0.283 0.n 0.0855 z
EPRI Full Scale 1.755 8.9 387.87 3.311 0.0 1.0 E
FSTF 2.14 8.975 Spec if icd 3.333 1.0 1.0 B
Pow(T) o
QSTF “Perfect"
Mont 5 See Fig. 4.75 4.285 1.19 Various 0.2801
Mont 11 See Fig. 4.75 4.285 0.941 Various 0.2801
Full Scale
Mont 5 See Fig. 8.975 368.4 4.25 Various 1.0
Mont 11 See Fig. 8.975 668.4 3.3 Various 1.0
NOTE: 1. Adiabatic drywell and vent, isothermal bubble
2. Freespace = 1.2
3. /total projected area = 0.73
4. ATl runs at 5300R initial temperature except FSTF which had Tpw(0) = T,(0) = 7500R
5. Virtual length at D.C. exit = 0.25 Dp (.
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Calibration of Bubble Model
from Monticello QSTF

A-29009

Data
) Mont 2
© Mont 5
1 ¥ Mont 1
A Mont 13
6 I \
5 P ey __F s 1
Sut
AP
c‘(ft).d . _S_L_t_ 5
3 |  ,
Sub 0
A =
g F
| 1 1 d
.8 9 1.0 1.1 1.2

Submergence (ft) (QSTF values)

Figure 5-2. Wall proximity factor -- dependence on submergence and AP.
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Figure 5-3. Model calibration -- bubble pressure comparison.
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Figure 5-4. Model calibration -- drywell and freespace pressure comparison.
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Figure 5-5. Model calibration -- torus force comparison.
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Figure 5-6. EPRI nodal systems
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Figure 5-12. Drywell, bubble and freespace pressures (FSTF -- test M8).
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SECTION 6
ANALYSIS -- COMPRESSIBILITY EFFECTS

Vent flow compressibility effects are manifestations of the finite
pressure signal speed in the vent system. Prior to clearing, the vent
exit pressure and pressurization rate oscillate about the drywell pressure
ramp as pressure waves travel back and forth between the drywell and the
vent exit, Following vent clearing, acoustic delays act to retard the
developing vent exit flow. The GE/Acurex model was used to develop a
better understanding of these effects and to aid in the interpretation of
model prediction of Mark I compressibility effects.

Two simplified cases were run to demonstrate compressibility
effects on mass flowrate at the vent exit. A prototypical full scale vent
system and the corresponding resistance-scaled quarter scale system (1/4
the full scale lengths, 4 times the full scale flow resistance) were
analyzed using the two sets of boundary conditions shown in Figure 6-1.
Constant vent exit pressures, 15 psi in full scale and 3.75 psi in 1/4
scale, were used to simulate exhausting directly to atmosphere, thus
eliminating vent clearing and pool dynamics effects. Temperature was not
scaled (same as QSTF tests).

Case A applied a pressure ramp at the vent system inlet with all
nodes initially at the exit pressure. Case B started with all nodes at

20 psi (5 psi at 1/4 scale), and initiated the transient with a step
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decrease of the vent exit pressure, simulating an exit rupture disk.
Results were compared at quarter scale; full scale flowrates and times
were scaled down using the relationships in Table 3-1.

In the ramped inlet pressure case (Case A), the quarter scale
flowrate shows one half the full scale time delay and responds more
quickly to the pressurization (Figure 6-2). The time delay discrepancy
occurs because Moody scaling shrinks the time scale by sFl/2 - 172,
while the acoustic delay actually decreases by SF (as length) if acoustic
speed is the same in both cases. Case B (Figure 6-3) has the same general
characteristics; the full scale flowrate shows slower response than the
quarter scale result. Also, there is a factor of 2 discrepancy in the
initial flowrates resulting from scaling inconsistencies. Consistent
scaling of transient compressible pipe flow would preserve Mach number at
geometrically similar locations at corresponding values of nondimensional
time (t* = t /@ﬂ;). If temperature is not scaled, then preserving Mach

number requires that V v

model = at corresponding locations

prototype
and times. Thus
m=pVA ~ (SF)(SF2) = sF3

Moody scaling, based on steady flow, calls for m ~ SF//2 (Table 3-1).
The discrepancy during the acoustic wave dominated part of the transient
is SFI/2 (a factor of 2 for quarter scale) which is consistent with the
Figure 6-3 result. The small (and conservative) discrepancy later in time
results from FL/D scaling in compressible flow causing - not to vary
precisely as SF7/2.

The relative retardation of the developing full scale flowrate in

the study cases is a very important compressibility effect -- it shows

that scaling up QSTF results with the Moody scaling relationships gives
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significantly larger than prototypical mass/energy injection into the
suppression pool during the early part of the pool swell transient. This
transient mass decrement introduces a significant conservatism into the
evaluation of compressibility effects and is fundamental for understanding
the Mark I load sensitivities presented in Section 7.

three primary compressibility effects have been identified which
can be used to predict trends in compressibility effects on pool swell
loads: 1) compressibility effects delay the start of pressurization at
the vent exit; 2) prior to vent clearing, the exit pressure and pressure
rate oscillate about the drywell pressure ramp; 3) following vent
clearing, acoustic delays (compressibility effects) cause a significant
transient mass flow decrement before the vent exit reaches quasi-steady
flow. This report evaluates comprescibility in terms of its effects on
three primary pool swell loads, download, download impulse, and upload.

Peak download occurs at the time of maximum bubble pressure, soon
after vent clearing. Maximum bubble pressure occurs when the volumetric
growth rate of the tubble exceeds the ability of the vent system flow to
maintain the bubble pressure; it is sensitive to ali three compressiblity
effects. A high exit pressure at vent clearing promotes a ihigh download,
as does a high pressurization rate. However, compressibility effects
cause the exit pressure and pressure rate to either increase or decrease
relative to their incompressible values (the drywell values), depending on
where the travelling wave fronts are in the vent system. Waterslug
velocities during the clearing transient are low compared to sonic
velocity in the vent, so the waterslug acts much like a closed end at the
vent exit; prior to clearing, the vent exit pressure (really the pressure

at the air-water interface) exhibits the response characteristics shown in
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Test Case 3 (Section 4-2). There is no response for one wave travel time
after which the pressure rate is twice the drywell rate for two wave
travel times, and so on. The vent exit pressure rate cycles every four
wave travel times or once every acoustic period, » , defined as 4 x (vent
length)/acoustic speed. Vent exit pressure oscillates ab the drywell
pressure as described in Figure 6-4. Peak download is affected by where
the exit pressure is on its zig-zag path at the time of clearing.

A rarifaction wave returning from the drywell at or just after
clearing turns the bubble pressure around rapidly, a mitigating effect on
download. Since clearing time (and the number of acoustic periods before
clearing) changes with waterleg length, the net compressibility effect on
download might be expected to be cyclic, the most severe cases occurring
when the waterleg length is such that peak bubble pressure occurs at
conditions of high exit pressure and pressure rate.

With the GE/Acurex model set up in the full scale Monticello
configuration with 3 ft. 4 in. submergence and a prototypical drywell
pressurization rate, runs were made to determine clearing time as a
function of waterleg length. Results and evident trends are indicated in
Figure 6-5. The curve must always pass through the point (0, .25) since a
zero-water leg case clears after one wave pass (.251 ). Using a higher
drywell 5 rotates the curve clockwise slightly; clearing times are shorter
for similar vent and waterleg lengths. For a plant with a shorter vent
system, the acoustic period is smaller, so more acoustic periods will have
elapsed at the time of clearing.

Based on the Monticello curve in Figure 6-5, Figure 6-6 indicates
where clearing occurs in the vent exit pressure transient for various

waterleg lengths. Figure 6-6 shows that even a small waterleg (a few
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inches) delays clearing enough to avoid most of the initial double-P
region. (A1l Mark I's were tested with waterlegs of at least 6 inches.)
Curves similar to that of Figure 6-4 could be constructed for each Mark I
plant, but they would be close to Monticello's, particularly near the
origin, which turns out to be the only region of non-conservatism in
evaluating compressibility effects on download (Section 7).

Peak upload occurs later, at the time of maximum pool deceleration,
and is primarily controlied by the integrated mass flow into the bubble.
Therefore, the conservative compressibility mass decrement effect is
expected to be the dominant compressibility effect on peak upload. The
cyclic response of downcomer clearing pressure with downcomer waterleg

should be largely washed out by the time of peak upload.

4eximum pool velocity is determined by the download impulse (torus
force integral during the download portion of the pool swell transient).
The download impulse is a function of bhoth the peak dowrload and the mass
flowrate entering the bubble following peak download. Therefore,
compressibility effects on maximum pool velocity (or download impulse) are

expected to fall between the effects calculated for peak download and peak

up load.
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SECTION 7
ANALYSIS -- MARK 1 LOAD SENSITIVITY

Sensitivity of Mark I loads to compressibility effects was
evaluated by comparing QSTF loads predicted by the GE/Acurex model to full
scale loads predicted by the model. The evaluation included comparisons
of predicted peak download, peak upload, and download impulse for various
initial conditions.

Differences between predicted full scale loads and predicted QSTF
loads were evaluated in two stages: First, effects of known differences
between QSTF test conditions and exact prototypical test conditions were
quantified; next, effects of compressibility alone, when using quarter
scale tests to predict full scale loads, were quantified.

7.1 KNOWN TEST DIFFERENCES

Test condition tolerances for the QSTF Plant-Unique Tests were
specified conservatively to ensure that all parameters bounded the
idealized or "perfect" QSTF test conditicns. Although some of these test
tolerance conservatisms are not easily quantifiable, the major test
variables (e.g., drywell pressurization rate and vent system resistance)
were measured so their degrees of conservatism have been estimated. In
addition to test condition tolerances, the vertical vent pipe geometry of
the QSTF limited the vent system volume to roughly 60 percent of the

scaled volume. Although the drywell and vent system total volume was
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correctly scaled (roughly 99 percent of the scaled volume is in the
drywell), the smaller volume of the vent system is expected on have a
nonconservative effect on the loads. For the Monticeilo Plant-Unique
Tests, three major test tolerance conservatisms and the vent system volume
effect are listed below. Although test tolerance values were
plant-unique, the Monticello values were typical.

1. Drywell pressurization wes 5 percent over the test

saxcification minimum (conservative)

fl
2. Ven. system D was 13 percent less than the test specification

max imum (conservative)

3. Flow resistance split was 56/44 for the two ori..ces rather

than the baseline 50/50 split {(conservative)

4. Vent system volume was 61 percent of the correctly scaled

volume (nonconservative)

To quantify the impact of the known test diffarences on loads, the
GE/Acurex model was run in the Monticello QSTF "as tested" configuration
and in an idealized or "perfect" quarter scale configuration with drywell
ﬁ, vent FL/D, vent volume, and flow resistance split at test specification
values. Vent system nodalizations are shown in Figures 5-1 and 7-1.
Comparison runs were made at 3 ft. 4 in. submergence (scaled) with AP
ranging from zero to full. Model results indicate that the known test
differences account for conservatisms in the test results of about

4 percent for peak download, 6 percent for peak upload, and 5 percerc for

peak pool velocity.

7-2



NEDO-24778

Compressibi y effects on

corparing mo k)] resu ] ts for “i)nv‘f i

juart

for the corresponding fu

compressible effects from known

s FE 3 " p 7 1
The two vent Sy shown n Figures 7-1

ISON runs were m: ﬁ)t”
range of water ‘\w} i“”‘]?"\\'\ to st

A

it clearing and evaluate phasing effects

histori

~

Lonparisons i’v'"? 1
responst

water

pressure and event




NEDO-24778

(and peak download); compressibility effects cause greater peak download
at full scale because the increased bubble pressurization rate dominates
the mass decrement effect. Although the download impulse (which is a
measure of pool velocity) is roughly the same for QSTF and full scale, the
more rapid initial response of the (STF leads to a greater pool
displacement and a greater freespace pressure rise. This, together with
the compressibility mass decrement effeci, leads to a lower peak upload at
full scale as roflected in the smaller maximum differential between bubble
and freespace pressure.

Nonconservative effects of compressibility on peak download
disappear with a waterleg of only 4 inches, which delays vent clearing to
0.52 ) (see Figure 6-5). The greater initial expansion rate of the bubble
together wit) the relatively earlier arrival of the reflected zero
pressurization rate signal from the drywell at 0.75 X turn the bubble
pressure around fast enough to avnid any download increase due to
compressibility. Upload is lower at full scale due to the compressibility
mass decrement effect (Figure 7-4).

Although download, upload and impulse continue to be mitigated by
compressibility effects with longer waterlegs (less AP), the closest
approach to a nonconservative download is calculated 1> occur for clearing
at 1.75 A. This is in the region where at the time of clearing, the
downcomer exit pressure again exceeds the drywell pressure (see
Figure 6-4). However, the comparison at zero AP (clearing at 1.7 X ) shows
that at full scale, the bubble pressure turns over immediately after
clearing, and peak download is less than for quarter scale. This happens
because the volumetric growth rate of the bubble at vent clearing rapidly

exceeds the ability of the developing exit mass flowrate to maintain the
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bubble pressure. In fact, Figure 7-5 shows that just before clearing the
waterslug velocity has become large enough so that the double P ramp is
not being maintained at the vent exit.

The peak values of download, upload and download impulse were
plotted from a series of comparative “"perfect" QSTF and full scale cases
such as those discussed in the previous paragraphs. The peak download
comparison (Figure 7-6) shows an 11 percent compressibility increase at
full AP which essentially disappears for even a 4-inch waterleg. For the
range of Mark I plant-urique waterlegs (6 inches or greater), the download
is either unaffected or mitigated (by up to 16 percent) by compressibility
effects. Similar comparisons at 4 ft. 3 in. submergence showed that the
region of nonconservative awnload was even smaller. A smaller waterleg
is required at deeper submergence to delay the peak download past 0.75 A
where the reflected zero pressure rate signal helps turn the bubble
pressure around.

As discussed in Section 6, the compressibility mass decrement
effect introduces a significant conservatism into the full scale upload.
The "perfect" QSTF uploads are conservative (Figure 7-7) by from
13 percent to 18 percent. Although the pre-clearing vent acoustic signals
appear to reduce the upload conservatism near zero AP, the variation in
load ratio is much less pronounced than in the download.

The download impulse comparisons shown in Figure 7-8 also indicate
nearly uniform mitigation (typically 9 percent) due to compressibility
except for an impulse ratio of 1.0 at full AP, As discussed in Section 6,
download impulse is a measure of maximum pool velocity. As expected, the

impulse ratios lie between the values for download and upload.
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Figure 7-3. Pressure and torus force comparisons for QSTF “perfect" and
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full AP, clears at .25 ).
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SECTION 8
CONCLUSIONS

Conclusions of the vent systems compressibility study are listed

1. Pool swell was successfully modeled, including vent system
compressibility effects.

2. Known differences between QSTF test conditions and ideal
quarter scale conditions in“roduced 4 to 6 percent conservatism
in loads based on QSTF results.

3. Using model analysis and scaling arguments, compressibility
effects were id atified, explained and quantified.

4. Compressibility effects during pool swell are evident primarily
in acoustic delays and in a vent mass flow decrement (relative
to incompressible flow).

5. Compressibility effects mitigate the major pool swell loads for
existing Mark I operating conditions:
® Peak download increases by about 11 percent near full AP,

is unchanged at small waterleg lengths (~4 inches), and

decreases by up to 16 percent at moderate AP
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Peak upload decreases for all AP's, typically by about
15 percent
Download impulse (or pool swell velocity) is unchanged at

full AP, decreasing by up to 8 percent at smaller AP's.
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