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ABSTRACT

The effects of coolant volatility on the expansion dynamics and
cover loading of hypothetical core disruptive accidents (HCDA) were
studied by performing experiments with a transparent 1/30-scale model
of a typical demonstration size loop-type liquid metal fast breeder
reactor (LMFBR). In past experiments, we used water to simulate the
sodium coolant in the prototype. In these experiments, we used Freon
113 and Freon 11 as coolant simulants of increasing volatility. High-
pressure nitrogen gas (1450 psia) or flashing water (1160 psia) were
used to simulate the qualitative features of sodium vapor or molten fuel

expansions.

Freon is 50% denser than water; therefore, to directly evaluate the
effect of coolant volatility in flashing water bubble source experiments,
it was necessary to adjust the heights of the upper core and coolant pool
above the upper core so as to maintain the same coolant mass in experi-
ments with different coolants. In addition to these 'constant mass"

"constant geometry' experiments were conducted.

experiments, a set of
These included experiments with water and Freon 113 coolants in the
reference 1/30-scale apparatus. Included in this set were experiments
with and without upper core and upper internal structures to evaluate
their effect on the expansion dynamics and cover loading with more

volatile coolants.

To validate the use of constant mass and constant geometry experi-
ments as a means of evaluating the effects of coolant volatility, a set
of baseline expcriments was performed in these configurations with the
room temperature nitrogen bubble source. Volatility effects are not
present in nitrogen bubble source experiments since all the fluids are
ét the same temperature. Hence, these nitrogen source experiments allow
direct evaluation of the effects of experiment geometry and coolant mass.

In all the experiments, the expanding HCDA bubbles, the motion of the

iii



coolant simulant, and the vessel loads were monitored by pressure trans-

ducers, a thermocouple in the bubble, and high-speed photography.

As expected, the results of the constant mass experiments with the
flashing water source show that higher volatility results in higher
pressure driving the coolant slug and therefore higher impact loads.

The Freon experiments had about 50% higher pressure in the upper core

and bubble, a 30% larger slug impact impulse, and 25% greater expansion
work done on the coolant slug. The higher pressure in the Freon expevi-
ments is believed due to vaporization of some of the Freon that mixes

with the hot flashing water in the upper core very early in the expansion.
Entrainment of coolant within the bubble and the bubble shape were com-
parable In the Freon and water experiments. Entrainment at slug impact
varied between 20% and 40% of the bubble volume. The presence of internal
vessel structures attenuated the slug impact impulse by abouf 50% whether

the coolant was Freon 113 or water.
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I INTRODUCTION AND SUMMARY

A, Background

The philosophy behind the design of liquid metal fast breeder reactors
(IMFBR) is to keep the risk to the public from accidental releases of radio-
activity ektremely small by providing engineered safety features and LMFER

behavior characteristics that combine to

® Prevent plant system or component faults and malfunctions.

® Protect against the possibility of faults and malfunctions
leading to severe accidents.

® Mitigate the consequences of severe accidents.

LMFBR accidents now considered to have the greatest potential for
releasing significant amounts of radioactivity to the environment involve
core meltdown. Such accidents, which are called core disruptive accidents
(CDAs), are extremely low in probability of occurrence but are studied to
assure that the risk from such accidents is acceptably small. Safety tech-
nology research sponsored by DOE focuses on theé support of four lines of ~
assurance (LOA), each of which is intended to provide an independent barrier
to prevent a CDA from occurring or progressing to the point of releasing

unacceptable amounts of radioactivity to the environment:

LOA 1: Prevent CDAs
LOA 2: Limit core damage
LOA 3: Maintain Containment Integrity

- LOA 4: Attenuate radiological consequences of CDAs.

10A 1 would assure that the probability of a CDA occurring is so low
that these accidents can be considered hypothetical. Even so, their con-
sequences must be understood to ensure that adequate margin exists in the
plant to protect the public if such an accident actually occurs. LOA 2,

3, and 4 would provide this assurance.

If a core meltdown could occur, then theoretically, core material
motions and interactions might lead to rapid pressure-generation events

that could cause significant structural damage to the reactor. LOA 3



would ensure that the probability of such rapid pressure generation is

small.

Even in the unlikely event that a CDA results in pressure generation
that challenges the structural integrity of the reactor, no significant
amounts of radioactivity could be released until radioactive materials
were transported from the core to the leakage paths created in the re-
.actor by the pressure excursion. LOA 4 would ensure that this transport
would be accompanied by attenuation mechanisms that would reduce potential

releases of radioactivity to very low levels.

In support of LOA 3, we have previously conducted scale model experi-
ments simulating a hypothetical CDA (HCDA) using nitrogen gas or flashing
water as the fuel simulant and water aé the coolant simulant.! These
experiments were conducted to increase our understanding of the dynamics
and thermodynamics of expanding bubbles similar to the CDA bubble in
LMFBRs and to aid in developing analytical models for predicting CDA
~energetics and core material transport. The experiments described in
this report were conducted to further increase this understanding by
using coolants that more closely simulate the volatility of sodium in

the LMFBR.

The remainder of this section briefly describes our approach to this
problem and our experimental method, and gives a comprehensive summary of
our major findings. Section II describes our experimental method in
detail. The experimental results are discussed in Sections III through
VI, an interpretation of the results is given in Section VII,‘and our

conclusions and recommendations are presented in Section VIII.

B.  Approach

Our approach was to choose a practical coolant simulant that in
relation to water as‘a fuel simulant is similar to the relationship
between sodium coolant and uranium dioxidebfuel. Freon 113 refrigerant
is practical and has a critical pressure in relation to that of water
similar to the relatioﬁship between the critical pressure of sodium and

that of uranium dioxide. Freon 11 is also practical and slightly more



volatile; that is, it has a higher vapor pressure at a given temperature.
Both Freons, have significantly higher volatility than water, the previously

used coolant simulant.

Experiments were planned using each Freon as a coolant simulant in
a simple 1/30-scale model (Figure 1) of the interior of a typical demon-
stration size loop-type LMFBR (Figure 2). The effects of coolant vola-
tility on -HCDA expansion dynamics and cover loading were evaluated in
experiments using a flashing water bubble source at 1160 psia and 563°F
to simulate the expansion of molten fuel in the LMFBR. Baseline experi-
ments in which volatility effects were not present were conducted wi£h a
nitrogen gas bubble source at 1450 psia and room temperature. The effects
of intermal vessel structures with volatile coolants were evaluated by
including upper core (UCS) and upper internal (UIS) structures in some
experiments. To compensate for the difference in density between the
Freon and water coolants, we adjusted the coolant pool height in some
experiment to maintain the same coolant mass in experiments with different

coolants.
Cover
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The components in the 1/30-scale model were rigid. Structural res-
ponse was not scaled in these experiments, but it was previously addressed

in experiments by Romander and Cagliostro.2

C. Experimental Method and Program

Since Freon is 507% denser than water, direct evaluation of the effect
of coolant volatility in flashing water bubble source experiments without
internal structures was accomplished by adjusting the heights of the upper
core and coolant pool above the upper core so as to maintain the same
coolant mass in experiments with different coolants. The cover gas gap
was kept the same in all experiments. In addition to these '"constant

"constant geometry" experiments was conducted

mass" experiments, a set of
using the flashing water bubble source. These included experiments with
water and Freon 113 coolants in the reference 1/30-scale apparatus. Included
in this set were experiments with and without upper core and upper internal
structures to evaluate their effect on the expansion dynamics and cover

loading with more volatile coolants.

To validate the use of constant mass and constant geometry experiments
as a means of evaluating the effects of coolant volatility, a set of base-
line experiments was performed in the constant mass and constant geometry
configurations with the room temperature nitrogen bubble source. Volatility
effects are not present in nitrogen bubble source experiments since all the
fluids are at the same temperature. Hence, these nitrogen source experiments
allow direct evaluation of the effects of experiment configuration and
coolant mass. The program of experiments described above is summaried in
Table 1. The diséussions in this report are baséd on the ten experiments
conducted in this experiment series as well as the three experiments from-

the previous experiment series,! which are also listed in Table 1.

The flashing water or nitrogen gas bubble source was contained in
the lower core shown in Figure 3, After the appropriate initial conditions
were established within the lower core and acrylic cylinder (Figure 3),
the experiments were initiated by detonating the e#plosive that drives
the piston and sliding door assembles. The flow path between the lower

and upper cores was opened when the sliding doors, carried by the pistons,



cleared the flow path. The expansion of the gas or flashing liquid con-

tained in the lower core then proceeded to drive the liquid coolant out

of the upper core and form an expanding bubble within the coolant pool

that drove the coolant pool to impact on the vessel cover.

Configuration

Reference
(1/30-scale LMFBR)

Constant Mass

Constant
Geometry

Table 1

EXPERIMENTAL PROGRAM

Bubble
Source

Flashing
Water
Nitrogen*

Flashing
Water

Flashing
Water

Nitrogen

Flashing
Water

Flashing
Water

Coolant

Water

Freon

Freon

Freon

Freon

Freon

Freon

113
113

1

113
113

113

Internal Number of
Structures Experiments
None 2
None 1
None 1
None 1
None 1
None' 2
Upper Core and 2
Upper Internal
Structures

#* . N . .
The reference experiment for the nitrogen source with water as the coolant
and no internal structures is experiment D-006 of the previous experiment series!.

- The comparable experiments with water as the coolant are experiments E-001
(no internal structures) and E-003 (upper core and upper internal structures)
of the previous experiment series’'.
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Pressures were recorded in the lower and upper core, within the
coolant pool and HCDA bubble, and on the vessel cover. Temperature was
measured within the expanding bubble. High-speed photography was used to
determine the bubble growth and coolant surface motion. These measure-
ments were used to calculate such quantities as the expansion work done
by the source, the liquid entrainment in the bubble, and the impulse on

the vessel cover.

D. Summary and Recommendations

The experimental configurations used to evaluate the effcnts of
coolant volatility on HCDA expansion dynamics and cover loading are
shown in Figure 4. The experimental program condurted with thesea con-
figurations is summarized in Table 1. The conclusions reported here are
based on the ten experiments conducted in this experiment series and the
three experiments from the previous experiment series! as listed in
Table 1. To demonstrate and quantify the effects of coolant volatility
was more difficult a task than, say, to demonstrate and quantify the
effects of internal structures as we did in our earlier work.! Internal
structures provided flow resistance and flow diversion that had noticable
impact on the HCDA expansion hydrodynamics. The effects of coolant vola-
tility are thermodynamic effects that depend on heat transfer and phase
change between the fuel and coolant simulants and on the thermodynamic
properties of these materials. We were not certain whether the coolant
‘would evaporate enough to make a detectable difference on the vessel
pressures or bubble structure. However, the experimental program was
successful in identifying measurable effects of coolant volatility. As
we summarize the results, we will refer to Figure 4 to clarify the ex-

perimental configurations used to support a particular conclusion.

It was our hope that a comparison of measurements from experiments
using different coolants, but with the same coolant mass in the upper coré
and in the coolanﬁ pool above the upper core, would dcmonstrate whether
volatility effects were detectable or not. If volatility was not signifi-
cant, then experiments with the same moving mass should proceed in the

same manner to coolant impact on the vessel cover. If volatility was
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significant, then higher pressures should be measured in the upper core
and HCDA bubble andvthe coolant pool should impact the vessel cover soomner

and at higher velocity.

Constant mass experiments were conducted with water as the coolant
[Figure 4(a)], with Freon 113 as the coolant [Figure 4(b)], and with
Freon 11 as the coolant [not shown in Figure 4 but with only slightly
different dimensions than Figure 4(b)]. A comparison of the appearance
of the HCDA bubble at coolant slug impact in these experiments is shown
in Figure 5. The bubbles are slightly different in profile and surface
texture in the experiments with the denser Freon coolants than in the

water experiment.

The pressure inside fhe upper core and bubble is higher in the Freon
experiments. This is most clearly demonstrated in Figure 6. The pressure-
volume change curves in Figure 6 show the pressure acting on the lower side
of the coolant slug, driving it toward the vessel cover; the volume dis-—
placed by the motion of the coolant slug; and the expansion work done in
moving the slug (the area under the curve). The pressure shown is a
composite of the pressures in the lower core, upper core, and HCNDA hubble,
and represents our best estimate of the pressure acting on the moving
lower boundary of the coolant slug. By comparing Figures 6(a) and (b),
we see that for mosf of the event in Freon 113 egperiment G-007, the
pressures driving the coolant slug are higher by about 200 psi or 50%
than in the water eiperiment shown, G-011; therefore, the expansion work
done on the slug for a given displaced volume is also significantly higher.
The higher pressure in the Freon e%periments is believed due to vaporization
of some of the Freon that mi%es with the hot flashing water in the upper
core very early in the e%pansion. The higher pressure in the upper core
and bubble should result in higher loading vn Lhe UIS when it is present.

However, this loading was not measured in this experiment series.

Quantitative results of the constant mass experiments are summarized
in Table 2. Shown are percentage differences of expansion work and slug
impact impulse from an average of the values in the two water coolant

experiments, G-002 and G-011. The slug impact pressure pulses used in
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calculating the impulse are shown in Figure 27. Expansion work is com-
pared at a constant coolant surface displaced volume of 35 cubic inches.
Comparison of the expansion work at slug impact is not revealing because
of the different expansion volumes corresponding to the different initial
cover gas gaps in the experiments. Different gaps were measured even
though the gap in all experiments was set during vessel filling to within
about 0.01 inch. The gaps at time zero varied because density changes

occurred in the coolant as it was warmed by heat conducted through the
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sliding doors from the 563°F water in the lower core. The expansion work
comparison indicates a +8.27% variation in the two water experiments and a
23.4% to 25.17% higher expansion work in the Freon experiments than in the
average of the two water experiments. The slug impact impulse is also
significantly higher in the two Freon experiments than in the average of
the two water experiments. In these constant mass experiments, the impulse
is a measure of the slug impact velocity (see Section VII). Thus, the
values for pressure, expansion work, and slug impact impulse shown in
Figure 6 and Table 2 support the conclusion that coolant volatility does

influence the HCDA expansion dynamics and cover loading.

Table 2

SUMMARY OF EFFECTS OF COOLANT VOLATILITY
IN CONSTANT COOLANT MASS EXPERIMENTS

Expansion Work Slug Impact
at AV = 35 inch8 Impulse Relative
Initial Cover Relative to the to the Average
Gas Volume Average of G-002 of G-002
Experiment Coolant (inch3) and G-011 (%) and G-011 (%)
G-002 H,0 45.7 + 82 + 23
G-011 H,0 44.1 - 82 - 23
G-007 B3 395 £ 0255 + 28.4
G-009 F11 43.1 + 234 + 304

There is also subjective support for the evaporation of some of the
Freon coolant in the flashing source experiments, as evidenced by the
appearance of the HCDA bubble in nitrogen and flashing water source ex-
periments. The striking similarity in the shape and surface texture of
the HCDA bubbles in the nitrogen source eiperiments is shown in Figure 7.
The bubbles appear very similar to the bubbles in the flashing source

experiments with Freon coolants, Figures 5(b) and (c), but not with the
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FIGURE 7 HDCA BUBBLE PHOTOGRAPHS AT SLUG IMPACT IN THE NITROGEN SOURCE EXPERIMENTS



water coolant, Figure 5(a). The bubbles in the flashing water Freon
experiments contain some Freon vapor that may act gas-like (i.e., non-
condensible) and result in a similar appearance to the nitrogen gas
bubble. The boundary of the flashing water bubble in the water coolant
is the most condensible boundary of the series and has the fuzziest

appearance.

Although it does not change our conclusions based on the slug impact
impulse in Table 2, we must note that the higher impulse in the Freon
experiments is partly the result of the shortened geometry of the experi-
ment. This is explained through the use of an analytical model in
Section VII, but it can be shown here by comparing nitrogen source ex-—
periments with flashing water source experiments in both constant mass
and constant geometry configurations [Figure 4(a) and (b)]. The coolant
surface displacement in the nitrogen source experiments is shown in
Figure 8(a). Since volatility effects are not present in the nitrogen
experiments, this figures demonstrates the effect of experiment geometry
on the expansion dynamics. The coolant surface moves faster in the
shortened geometry of the constant mass Freon 113 experiment G-008 than
in the reference case D-006 because higher accelerations in the upper
core emptying phase of the expansion results in higher velocities through-
out the expansion. Thus, the slug impact impulse in constant mass Freon
experiments would be slightly higher because geometry effects result in
a somewhat higher coolant surface velocity. The constant geometry ex-—
periment G-010 proceeds more slowly because of the 507 heavier coolant

mass being moved.

Figure 8(b) demonstrates the combined effects of volatility and
experiment geometry on the coolant surface displacement. Relative to
the reference experiment G-011 with water, the constant mass and constant
geometry curves G-007 and G-004 are shifted earlier in time than in the
nitrogen source experiments. This demonstrates the effect of volatility
and explains why the slug impact impulse comparison in Table 2 resulted

from the effects of both experiment geometry and coolant volatility.
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The bubble volume and coolant entrainment within the bubble were
within the range typical of our previous HCDA simulations.l! Entrainment
is at least 60% of the bubble volume as the bubble emerges from the upper
core into the pool. Entrainment in the upper core is certainly even
higher. Entrainment at slug impact ranges from 207% to 407% of the bubble
volume. The percentage of entrainment decreases during the expansion
because the bubble grows faster than liquid is entrained into it. Although
the percentage of entrainment decreases during the expansion, the entrained
volume of liquid increases from about 5 cubic inches as the bubble enters
the pool to about 20 to 30 cubic inches at slug impact. Entrainment in
the upper core is due to the significant mixing that occurs as the sliding
doors open. Entrainment in the pool occurs in the dissipating vortex at
the lateral periphery of the bubble and at the bubble-coolant interface.
The location of vortices within the coolant pool depends on the geometry
of the internal structures. With an open upper core, a vortex ring forms
just above the upper core due to convection from the upper core into the
pool of a viscous liquid layer that forms at the wall of the upper core.
This vortex is engulfed by the bubble and entrains liquid into the bubble
by the circulation it creates at the lateral periphery of the bubble.
With a UCS or a UIS, other vortices are formed, which entrain coolant

into the bubble.

Temperature measurements in the HCDA bubble of flashing water source
experiments were taken for the first time in this experiment series. The
thermocouple was located approximately 1/2 to 1 inch above the core de-
pending on the experiment and approximately 0.7 inch off-axis. Thg measured
temperature increases with time as the bubble passes over the thermocouple,
indicating a temperature gradient through the bubble and providing evidence
for a fairly thick mixing layer inside the bubble boundary. Temperatures
in the bubble varied between 100°F when the bubble reached the thermocouple
and 350°F at slug impact. This compares with a steam temperature no higher
than 500°F for saturated steam emerging from the lower core at 700 psi.
Further measurements are needed to map the bubble temperature field and

structure.
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The effects of internal vessel structures on the expansion dynamics
and cover loading with water and Freon 113 coolants are shown in Figures
9 and 10 and Table 3. Figure 9 shows the effect of coolant and structures
on the appearance of the HCDA bubble at slug impact on the cover. The
effect of the structures on the bubble shape is independent of the coolant.
The coolant surface displacement for these four experiments is compared
in Figure 10. The figure demonstrates the significant slowing of the
expansion that results from the presence of internal vessel structures
with either coolant. As shown in Table 3, the quantitative reductions
in slug impact impulse due to the presence of inte%ual structures is
slightly less when Freon 113 is the coolant. The small contribution of
the load on the UIS to the cover loading at slug impact was not measured
in these experiments. The slug impact pressure pulses in experiments G-004

(no internal structures) and G-006 (UCS and UIS) are shown in Figure 45.
The major results of these experiments can be summarized as follows:
® In the constant mass flashing water bubble source experiments:

- The upper core and bubble pressures were on the order of
507% higher than in the water experiment.

- The expansion work at a coolant surface displaced volume
of 35 cubic inches was 25% higher than in the water
experiment.

- The slug impact impulse was on the order of 297 higher
than in the water experiment.

- The temperature in the bubble varied between 100°F when
the bubble reached the thermocouple and 350°F at slug
impact.

® In all experiments without internal structurcs, the entrain-
ment at slug impact was 20% to 407 of the bubble volume.

® Tnternal vessel structures reduced the slug impact impulse

by 45% using Freon 113 coolant compared with 567 using
water as the coolant.
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FIGURE 9 HCDA BUBBLE PHOTOGRAPHS AT SLUG IMPACT SHOWING THE EFFECT
OF INTERNAL VESSEL STRUCTURES
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Future work in this area should entail 1/30-scale cxperimenls that
address aspects of the expansion dynamics abont which the most questions
remain. These areas include the forces on the UCS and UIS and on the wall
of the acrylic vessel, the mechanisms of mixing and entrainment in the
upper core and bubble, the composition of the hubble, the atteuuallon
effects of heat transfer with a more prototypic upper core structurc,
and the temperature distribution in the bubble. Questions also still
remain about the scaling of thermodynamic phenomena observed in these
experiments, and application of our resulls to the demonstration size

TMEFBR und the uewly proposed 1000-MW plant.
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Table 3

SUMMARY OF EFFECTS OF INTERNAL VESSEL STRUCTURES

Experiments

E-001

E-003"
G-003
G-004
G-006

Coolant

H,0
H,0
F113
F113

F113

Internal

Structures

None
UCS + UIS
None
None

UCS + UIS

* Average of G-003 and G-DU4 used fur F113 oompar}son.

?Neglects load transmitted to the cover through the ‘UIS columns.
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0.0
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54
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II EXPERIMENTAL METHOD

A. Coolant Simulénts

Our previous HCDA simulations usingAa flashing sourcels3 were con-
ducted using water as the fuel and coolant simulant. Table 4 gives the
thefmodynamip relation between prototype and simulant fuel and coolants;
as shown in the table, the water temperature in the lower core at 1160
psi is 88% of the coolant (water) critical temperature. In the prototype,
the fuel temperature is almost twice the coolant critical temperature.

The likelihood of vaporization of the coolant entrained in the HCDA bubble
is much greater, therefore, in the prototype than in our past simulations.
Vaporization of the coolant in the HCDA bubble could increase the bubble
pressure and therefore the impact pressure of the coolant slug on the

vessel cover.

Table 4

FUEL/COOLANT RELATIONSHIP*

Fuel Temperature  Fuel Temperature/  Fuel Critical Pressure/

at 1160 psia -Coolant Critical Coolant Critical
Fuel  Coolant °R(°F) Temperature Pressure

Prototype - ‘
Materials | Y02 Na 8799 (8339) 1.95 5.20 - 7.80

[H,0  H,0 1023 (563) 0.88 1.00
Simulant

4

Materials H,0 F113 1023 (;63) 1.17 6.48

| H,0  F1 1023 (563) 1.21 5.02

" * From references 3 through 7
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Another measure of the relationship between prototype and simulant
fuel and coolant is the ratio of the critical pressure of the fuel to
that of the coolant. Iﬁ the prototype, this ratio is about 6, whereas
in our past experiments with water as the fuel and coolant it was 1. To
more adequately reproduce the prototypic relationship between the fuel
and coolant, we sought another coolant liquid for our HCDA simulation

experiments.

Our objective was to find a coolant material that approaches as
closely as possible the prototypic ratios shown in Table 4, Equally
important was the need to meet practical requirements of transparency,
low toxicity, low combustibility, and noncorrosiveness. These practical
requirements lead us to limit our attention to the Frenn refrigerantc.
Two of these of increasing volatility (i.e., a higher vapor pressﬁre at
a given temperature) are Freon 113 and Freon 11, also shown in Table 4.
The critical constants of the prototype and simulant materials discussed
are shown in Table 5. Freon 113 and 11 meet both our thermodynamic and
practical requirements. They are the most volatile Freons that would not
boil at atmosphere pressure. Their boiling temperatures at 1 atmosphere
are 117.6°F (Freon 113) and 74.9°F (Freon 11). It was expected that
Freon 113 would be less difficult to use, so it was chosen for most of
our experiments. Freon 11, which is of slightly higher volatility, was

used in one experiment.

We should note that although using Freon as a coolant more adequately
simulated the fuel/coolant relationship, the temperature regime of the
simulations (563°F) was much lower than the temperatures in the prototype
(8339°F). The nature of heat transfer in the simulations and the profotype

is therefore different.

B. Constant Geometry ‘and Constant Mass Configurations

One problem with replacing water by Freon in the coolant pool of
1/30-scale experiments is that Freon is about 50% denser than water.
The heavier pool in Freon tests makes direct quantitative comparisons
between water and Freon experiments difficult since both coolant vola-

tility and coolant mass will be changing and it may be difficult to sort
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Table 5

MATERIAL CRITICAL CONSTANTS

Critical Pressure, P Critical Temperature, Tc

Material {psia) (°R) Reference
Prototype U02 19319-29008 12101-14742 ' 5
Materials | Na 3718.8 4517.0 6

[ H,0 3208.2 1165.1 7
Simulant
Materials F113 495 877.1 8

[F11 639.5 . 848.07 8 .

out these two effects. It would be desirable to conduct experiments in
which bnly the coolant volatility is varying. A simble approach that
comes close to achieving this aim is to vary the height of the upper
core and coolant pool so as to maintain constant the mass of coolant
that moves during an experiment. This was done in the ''constant mass"
Freon 113 and 11 experiments by reducing by about one-third the heights
of the upper core and the coolant pool above the upper core from their
reference values of 2.7 and 9.2 inches, respectively, to compensate for
the 507 higher coolant density. The densities of water, Freon 113, and

Freon 11 at 70°F are 62.3, 98.3, and 92.7 lbm/ft3, respectively.’»93>10

Experiments with the Freon coolants were also conducted in the

AL

reference configuration and are designated 'constant geometry' experiments

in contrast to the constant mass experiments described above.

C. Experimental Apparatus

The apparatus, shown in Figure 11, consists of three primary com-’

ponents: (1) the test section consisting of the acrylic cylinder, upper
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core barrel, upper core structure, upper‘internal structure, sodium
coolant simulant, cover gas simulant, and top cover; (2) the lower core,
which contains the high energy bubble source material; and (3) the re-
lease mechanism consisting of the sliding doors, pistoms, and their

containing structure. Each of these components is described below.

1. . Test Section

The test section, shown in Figure 12, is a simple, rigid 1/30-
scale model of the interior of a typical demonstration size loop-type
LMFBR (Figure 2). Room temperature water, Freon 113, or Freon lllnear
atmospheric pressure were used to simulate the sodium coolant. Air was
used to simulate the cover gas; however, in the Freon experiments, the
cover gas was mostly Freon vapor. The transparent acrylic cylinder
allowed high4speed photography of the simulated HCDA bubble expansion.

Details of the internal structures are shown in Figure 13.
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FIGURE 12 1/30-SCALE VESSEL
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The upper internal structure .(UIS) geometry is linearly scaled
to the UIS geometry of a typical éemonstration size loop~type LMFBR.
The diameter of cach flow channel in the upper core structure (UCS) was
chosen to scale the cross-sectional area of an empty subassembly duct.*
Thus, 139 holes were drilled within the available cross-sectional area
of the vessel upper core (2.3-inch diameter). The gap between the top
of the upper core and the bottom edge of the UIS was set such that the
ratio of area available to lateral flow through the gap divided by the
UIS flow area was equal to that found in the Clinch River Breeder Reactor
structural response experimenté2 following UIS displacement under a simu-~
lated 661 MW-s HCDA. The four columns supporting the UIS in the trans-
parent vessel experiments were intentionally made strong enough to prevént

any permanent deformation.

2. Lower Core

The lower core (Figure 11) contains the bubble source ma;erial
used to simulate the qualitative features of the e%pansion of sodium vapor
and molten.fuel in an HCDA. Two bubble sources were used in fhese'experi-
ments: room temperature, high-pressure nitrogen gas and saturated, zero
quality, high-pressure water. When nitrogen gas was used as the bubble
source, the lower core was filled to the desired pressure (100 bars) using
a 6000-psi (413.8-bar) gas bottle. When the bubble source was to be‘
flashing water, the lower core was first evacuated and then filled with
room temperature, degassed, deionized water. The deéired saturated initial
condition (80 bars, 563°F) was then reached by the path ABCD shown 1in
Figure 14. The water was first pressurized to 117 bars (point B), then
heated to 563°F (point C), and finally depressurized to 80 bars (point D).
A detailed description of the lower core and its heating and pressure

control system is preserted in Appendix A.

*
The UCS does not simulate the percent open cross section in the
prototype.
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3. Sliding Door Pressure Release Mechanism

The sliding door mechanism was chosen as the best method for
releasing ip a very rapid yet clean manner the bubble source material
contained in the lower core. The sliding doors are shown in their
initial'position in Figure 15(a). Detonation of tHe‘explosive charge
accelerates the pistons and sliding doors to a high velocity. At this
point, Figﬁre 15(b), the tips of the doors pass each other and the passage
between the lower and upper core begins to open. When the passage is
clear, Figure 15(c), the pistons are decelerated without rebound by the
crushing of aluminum honeycomb, and the explosive charge products are
vented to the atmosphere. An opening time about one-tenth of the ex-
pansion time of the bubble in the vessel was considered adequate. An
opening time of approximately 230 pus from the time the door tips pass
each other and begin to open until the door tips just clear the passage
boundary was used. A detailed description of the sliding door ﬁreSSure

release mechanism is presented in Appendix A.

D. . Instrumentation

The following measurements were made in these experiments.
® TInitial conditions:

~ Lower core pressure
~ Lower core temperature

-~ Cover gas gap
® Transient measurements:

- S1iding door motion

- Lower core pressure

- Upper core pressure

—.  Pressure in the pool and bubble

- Temperature in the pool and bubble
- Vessel cover pressure

- High-speed photography of the bubble expansion.

In the nitrogen source experiments, the initial conditions in the

lower cure were cctablished nsing a Heise pressure gage. During the
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flashing source experiments, the pressure and temperature in the lower
core, measured using a Kulite Model HEM 375 pressure transducer and a
Chromel-constantan thermocouple, were recorded on a slow-speed tape
recorder. The initial cover gas gap was established to within about
0.01 inch through the use of a syringe and sharply pointed rod extending
from the cover. Establishment and determination of the initial experi-

mental conditions are described in Appendix B.

The reactor model instrumentation is shown schematically in Figure 16.
The specific instrumentation used in each experiment is described in
Appendix C. The door opening motion was measured by a photodiode device
that can detect differences in the reflectivity of a surface. The photo-
diode output signal fluctuates between two voltages as light and dark
bands on an extension of the sliding doors pass by the detector. The
output was recorded on a high-speed tape recorder. The photodiode system

is described in detail in Appendix A.

The lower core preséure was measured at the bottom of the lower core
(6.25 inches below the sliding doors) and 2.50 inches from the bottom.
Two pressure transducers were mounted opposite each other at the inside
wall of the upper core 0.44 inch below the top of the upper core. Pressure
at the bottom face of the top cover (radius 4.1 inches) was measured 0.69
inches from the center, 1.88 inches from the center, -and 3.53 inches from
the center. PCB pressure transducer Models 113M07, 102M50, and 102M56
were used in the lower core, upper core, coolant pool, and cover. Those
'in the lower core were water-cooled and electrically isolated, whereas
those in the upper core and cover were mounted in electrically isolated
adaptors. The pressure and temperature in the pool and bubble were mea-
sured using a PCB pressure transducer and a Nanmac Model E12-1 Pencil A
Probe mounted in the instrument sting shown in Figure 17. The sting was
suspended in to the coolant pool from the vessel cover (Figure 16).

Three sting lengths were used as indicated in the figure. The distances
between the transducers and the top of fhe upper core in each experiment
are shown in Figure C.1. The data from the photodiodes, pressure trans-
ducers, and thermocouple were recorded on oscilloscopes for immediate

examination of the results and on a magnetic tape machine for later use

in data reduction.
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The bubblevexpansion hasffecorded by a Hycam Model 41-004 camera
at a nominal speed of 10,000 frames per second. A timing device in the
camera determines the exact film speed. The vessel was back-lit to
silhouette the bubble, and front-lit to highlight the bubble surface
detail. The camera focal plane was 56 inches from the vessel and center-
line. Analysis of the movies provided data on the coolant surface dis-
placement and bubble volume.

E. Experiment Matrix

Table 6 presents the matrix of experiments planned for this experiment
series. As described in Section IIB, both constant geometry (1/30-scale)
experiments and constant (coolant) mass experiments were planned. Constant
mass experiments 2, 11, 7, and 9 were intended to reveal the effects of
coolant volatility. Constant geometry experiments 3, 4, 5, and 6 were
intended to demonstrate the effects of internal structures with more
volatile coolants. Experiments 8 and 10 with a nitrogen source were
planned to verify the constant mass and constant geometry approaches
when compared with a previously conducted experiment (D-006) .1 Coolant
volatility effects are absent in room temperature nitrogen experiments,
but coolant density effects are still present. Experiments 4, 6, and

11 are repeatability checks.

The initial fuel state in thc nitrogen experiments is room temperature
and 1450 psia. 1In the flashing water fuel source, the initial state is

563°F and 1160 psia.
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Table 6

EXPERIMENT MATRIX

Internal
Experiment Fuel Coolant Configuration Structures
G-002 H, 0 H,0  Reference —
G-003 H,0 F113 Constant Geometry —
G-004 H,0 F113 Constant Geometry —
G-005 H,0 F113 Constant Geometry UCS+UIS*
G-006 H,0 F113 Constant Geométry UCS+UIS
G-007 H,0 F113 Constant Mass —
G-008 N, F113 Constant Mass  —
G-009 H,0 F11 Constant Mass ‘ —
G-010 N? F113 Constant Geometry —
G-011 H,0 H,0 Reference —

*UCS - upper core structure, UIS - upper internal structure
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IIT RESULTS OF THE NITROGEN SOURCE EXPERIMENTS

Two experiments were conducted with the nitrogen bubble source,
using Freon 113 as the coolant simulant. Experiment G-008 was in the
constant mass configuration and experiment G-010 was in the constant
geometry configuration [Figures 4(a) and (b)]. The experimental data
from these two experiments are presented in Appendix D. The reference
experiment with water as the coolant was experiment D-006 conducted in
the previous HCDA experiment series.! These three experiments constitute»

as set of baseline experiments in which volatility effects are not present.

Experiment Configuration ’ Coolant
D-006 Reference H,0
G-008 Constant Mass F113
G-010 Constant Geometry Fll

The flashing water source experiments in which volatility is important
will be described in later sections and compared with these baseline ex-
periments in Section VII. 1In these three nitrogen experiments, the effects

of experiment geometry and coolant mass are demonstrated.

A. Coolant Surface Displacement

The coolant surface displacements in the three nitrbgen source ex-
periments are compared in Figure 18(a). The constant mass and reference
experiments have very similar histories, but the constant mass coolant
rises somewhat faster. This slight difference is a geometry effect that
fesults in slightly different accelerations in the two experiments with
the same coolant mass. This effect is discussed further in Section VII.
The constant geometry experiment with the 50% heavier coolant mass demon-
strates the effect of coulant mass when compared with the reference ex-
periment. We note, as indicated on the figure, that 0.1 ms of the dif-
ference between experiments G-010 and D-006 is the later opening of the

sliding doors in C-010.

39



SURFACE DISPLACEMENT — inch

10 T T
Experiment  Coolant Configuration r G—008r G-010

[ 7
D-006 HZU Reference / 'D'OOGII
08 I G-008 Freon 113 -.Constant Mass /
G-010  Freon 113 Constant Geometryf l /
] . L 4
0.6 1 /
y //
0.4 4 /
) DOORS BEGIN / /
TO OPEN -
0.2 D-006 G-010 //

G-008 | | ,Z /'

VOLUME — cubic inches

0 A — —
0 1 2 3 4 5
TIME — ms
(a) COOLANT SURFACE DISPLACEMENT
100
80 D}ooe"e-mo——*
G-0087
60 /l/ //
/),
-/ /
40 74
-/
/
20 / //
_..///
P4
/D
. i
0 1 2 3 4 5
TIME — ms
" ' (b) BUBBLE VOLUME
) MA-3929-587

FIGURE 18 COOLANT SURFACE DISPLACEMENT AND BUBBLE VOLUME
IN THE NITROGEN SOURCE EXPERIMENTS
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B Bubble Profile and Volume

The growth of the bubble volume in these three experiments is shown
in Figure 18(b). The comparison is the same as above in that the constant
mass and reference experiments have very similar histories (with the
constant mass slightly earlier), and the constant geometry experiment
has the later growth. The striking similarity in the shape and surface
texture of the bubbles at coolant slug impact on the vessel cover is seen

in ‘Bigure 19.

G Entrainment

The volume of liquid entraimment in the bubble is the difference
between the bubble volume and the volume displaced by the coolant slug
motion. The entrained volume and entrainment as a percent of bubble
volume are presented in Figure 20. The entrained volume increases with
time, but not enough to keep up with the bubble growth; hence, the percent
entrainment falls. The percent entrainment is very high as the bubble
emerges from the upper core and decreases to 307% of the bubble volume at

slug impact in all three experiments.
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v RESULTS OF THE FLASHING WATER
CONSTANT MASS EXPERIMENTS

Four experiments have the same coolant mass in and above the upper

core.
Experiment Configuration Coolant
G-002 : Reference H,0
G-011 Reference . ' H,0
G-007 Constant Mass F113
G-009 Constant Geometry : Fl1

\
These experiments are represented in Figure 21. The reproducibility of
experiments G-002 and G-0ll is discussed in Appendix E. Most of the com-
parisons in this section are based on experiment G-011l, because the sliding
doors opened at virtually the same time in it as in G-007 and G-009. The
initial conditions for these experiments are discussed in Appendix B, and
all the e#perimental data obtained from them are presented in Appendix D.
We note here that in the flashing source experiments discussed in this

and the next two sections, variations occurred in the initial cover gas
gap. These variations, discussed in Appendix B, were due to expansion

of the coolant pool (to a greater degree with Freon) when heat from the‘
lower core conducted through the sliding doors and heated the pool before
the experiment was initiated. The effect of these variations on comparison
of the slug impact time and cover loading is discussed from time to time

in the remainder of this report.

A, Pressure and Temperature Measurements

1. Lower Corc Prcecsccure

The lower core pressure in the flashing water constant mass
experiments is shown in Figure 22. The pressure response in the lower
core is characteristic of our lower core configuration. When the sliding

doors begin to open, vapor bubbles form in the lower core by nucleation
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FIGURE 22 LOWER CORE PRESSURE (P1) IN THE CONSTANT MASS EXPERIMENTS

on the available solid surfaces. As they form, the surrounding liquid
cools to provide the necessary heat of vaporization, and thus, the vapor
pressure falls below the initial pressure. The pressure plateau of about

675 psia drives the expansion.

2. Upper Core Pressure

The upper core pressure records in Figure 23 were filtered
through a low pass filter at 10 kHz to facilitate a comparison. The
unfiltered data are given in Appendix D. When the sliding doors open,
the pressure in the upper core immediately rises sharply. The expanding
bubble fills the upper core and reaches the upper core pressure transducer
at about 2-1/2 ms. Although the pressure falls as the bubble expands into
the coolant pool, it remains higher in the Freon tests than in the water
test through slug impact. For the entire expansion, the pressure is 100
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FIGURE 23 EFFECT OF COOLANT VOLATILITY ON THE UPPER CORE PRESSURE (P,)
IN CONSTANT MASS EXPERIMENTS (Data Low Pass Filtered at 10kHz)

to 200 psi higher in the Freon tests. This increase in pressure is be-
lieved to be due to vaporization of some of the Freon that mixes with
Lthe high température water as the sliding doors open and the expansion

commences.

3. Pool and Bubble Pressure .

Whercao the preasure tranaducers in the upper cvute are mounted
in a vertical wall and therefore measure the static pressure, the trans-
ducer used to measure the pressure in the pool and bubble is mounted normal
to the flow at the end of the instrument sting (Figures 16 and 17).
Therefore, it measures the sum of the static and dynamic pressures--that is

the stagnation pressure. In Figure 24, the pool and bubble pressure is
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compared for water experiment G-0ll and Freon 113 experiment G-007. The

time at which the bubble reaches the transducer is indicated, as is the

time of slug impact. The height of the transducer above the upper core

is varied in these tests to maintain the same initial mass of liquid

above and below the transducer. The heights used are shown in Figure 21.

Before the bubble reaches the transducer, the pressure in the

Freon test is higher than in the water test.

the transducer, the difference is about 200 psi.

When the bubble reaches

These differences are

due to a combination of the 150 psi higher static pressure seen in the
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upper core records in Figure 23 and to a 36 psi largef dynamié préssure.

When the bubble reaches the transducer, the liquid dynamic head is about

208 psi (bubble boundary velocity = 1.68 inch/ms) in the Freon experiment
(G-007) and 172 psi (bubble boundary velocity = 1.92 inch/ms) in the

water experiment (G-011).

Centered around the time the bubble reachgs the transducer,
the pressure measured drops about 300 psi in the Freon ekperiment and
150 psi in the water experiment. This drop is due both to a drop in
liquid velocity as the bubble emerges from the upper core and spreads
radially and to the change in dynamic head as the transducer sees first

liquid, then vapor as the bubble passes by.

Before slug impact in the Freon experiment, the bubble pressure
rises to more than 700 psi, whereas in the water experiment, except for
some spikes, the pressure remains around 450 psi until slug impact. As
we saw in the upper core, the bubble pressure is higher in the Freon

experiment than in the water experiment.

4. 'Pool and Bubble lemperature

An attempt was made in this experiment series to measure the
temperature in the HCDA bubble, using a Namnac thermocouple. It has an
extremely thin thermal junction that in shock tube experiments has a
response time of 6 ps. The response time of the thermocouple in these
experiments depends on the fluid dynamic environment. The thermocouple
is positioned 0.50 inch below pressure transducer Pg and 0.7 inch off-
axis. It is surrounded by coolant until the bubbles reaches it. After
the bubble reaches it, the thermocouple may be covered by a liquid film
for a short time. The measured temperatures are presented in Figures 25

and 26.

Figure 25 shows the bubble temperatures measured in the water
and Freon expefiments. Note the similarity of the measurement in each
test both in trend and magnitude. The bubble reaches the thermocouple
slightly sooner in the Freon tests, as evidenced by its earlier rise.

By about 7 ms (see Appendix D, Figures D.6, D.8, and D.10), the tempera-

ture in all three experiments reaches a plateau of about 410°F, corresponding
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FIGURE 25 BUBBLE TEMPERATURE MEASUREMENTS IN THE CONSTANT
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to a saturation pressure for water of about 280 psi. The pressure measured

in the upper core at this postimpact time is also about 280 psi.

Figures 26(a) and (b) give the relative position of the thermo-
couple and bubble at several times before slug impact. We see that within
about 0.2 ms of bubble arrival, the thermocouple measures a rising tem-
perature. As the bubble moves past the gage, the temperature rises rapidly.
At slug impact, the thermocouple is recording temperatures of around 320
to 350°F. The temperature rise as the bubble passes the thermocouple
indicates an axial temperature gradient through the bubble. The tempera-
ture increases. from 100 to 350°F, which is much coolér than the estimated

temperature of steam leaving the lower core of 500°F (saturation at 700 psi).
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The dynamic character of the thermocouple measurements and their
close correlation with the dynamic events in these experiments leads us
to conclude that the HCDA bubble consists of a fairly thick mixing 1ajer
inside the bubble boundary that is much cooler than the steam leaving the
lower core. Further work is needed to map the bubble structure in more

V detail.

5. Cover Pressure and Impulse

The primary slug impact pulses in the constant mass experiments
are compared in Figure 27. Slug impact occurs about 0.7 ms sooner in the
_ Freon experiments. Only a small portion of this difference can be accounted
for by the variation indicafed in the initial cover gas gap. At a repre-
sentative coolant surface speed of 1.5 inch/ms, the gap variation would
account for less than 0.15 ms. The reason for this gap variation among
. tests was mentioned at the beginning of this section and is explained in
detail in Appendix B. As was shown in Section III for the nitrogen-source
experiments, slug impact should occur no more than about 0.1 ms sooner
“in a Freon constant mass experiment than in the water experiment because
of geometrical effects. We are, therefore, led to conclude by the sig-
nificantly earlier slug impact that the higher upper core and bubble
pressures seen in the Freon experiments are due to vaporization of the
more volatile coolant and result in a higher coolant slug velocity and
an earlier slug impact time. This conclusion is supported by the higher
impact pressures seen in the Freon experiments in Figure 27. The impact
pressure should be lower in Freon experiments for equal impact velogities,
because of its lower acoustic impedance. The Freon experiments must
therefore have a higher slug impact velocity. Impact pressure is discussed

further in Section VII.

Slug impact impulse is also discussed in Section VII. It will
be shown that in constant mass experiments, the slug impact impulse should
vary as the slug impact velocity varies. The impulse is independent of
the fluid density and acoustic impedance. 1In Table 7, the impulse on the
vessel cover is tabulated for the constant mass experiments. The impulse

calculation begins when the pressure on the cover exceeds 200 psi and ends
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FIGURE 27 PRIMARY SLUG IMPACT PRESSURE (Pg) PULSE IN THE CONSTANT
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when the pressure drops below this level. The impulse in the Freon ex-—
[
periments is seen to be higher and is consistent with the conclusion above

) - . . A 3 o
that higher coolant velocities occur in the Freon experiments.

B. Coolant Surface and Bubble Motion

1. Coolant Surface Displacement

The coolant surface displacement shown ianigufe 28 is an
integral measure of the velocity and acceleration of the coolant slug.
We see in Figure 28 that a given surface displacement is reached on the

order of 0.5 ms earlier in the Freon experiments during the later stage
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Table 7

IMPULSE ON THE VESSEL COVER
FROM THE FIRST SLUG IMPACT PULSE,
CONSTANT MASS EXPERIMENTS

Initial Cover
Gas Gap Impuise*
Experiment Coolant {inch) - - (Ibf-s)
G-002 | H,O 0.89 40.8
G-011 "H,0. 0.86 | 38.9
G-007 F113 0.77 51.1
G-009 F11 0.84 51.9

-
Average of all cover pressure measurements in a given experiment.

of the expansion to slug impact. From the discussion in Section A.5above,
at most 0.25 ms can be attributed to experiment geometry.or a smaller
initial gap. The remainder is due to the effects of coolant volatility

on the upper core and bubble pressure; these effects produce higher accel-
eration of the coolant pooi. From Figure 28, we estimate that the average
velocity of the coolant pool over its last 0.7 inch of motion is 0.55
inch/ms in G-011 (water), 0.67 inch/ms in G-007 (F113), and 0.73 inch/ms
in G-009 (F1ll). We note that 1 inch/ms equals 83.3 feet/s.

2. Bubble Profiles and Volume

Figure 29 compares the growth of the HCDA bubble in a water and

Freon experiment. These profiles were obtained from each frame of the
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FIGURE 28 EFFECT OF COOLANT VOLATILITY ON COOLANT SURFACE DISPLACEMENT

IN CONSTANT MASS EXPERIMENTS
high-speed movies. The bubble volume in eéch frame is obtained by mathe-
matically rotating each half of the bubble profile around the central axis

of the apparatus and averaging the two values obtained.

A comparison of the profile in the water and Freon 113 experiments
for a coolant surface displacement of 0,75 inch is shown in Figure 30. We-
see that the upper surface of the mushroom-like bubble has the same shape
in both experiments. The penetration of the bubble into the coolant pool
is about 0.6 inch further in the water experiment. The larger bubble volume
in the water experiment (indicated in the figure) is due to this penetration
as well as the‘larger volume of the upper core (also indicated). The actual

photographs of the bubble at slug impact are compared in Figure 31.
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The time histories of the bubble volume in the constant mass
experiments are compared in Figure 32. A given bubble volume is reached
sooner in the Freon experiments than in the water experiments and the

growth rate appears to increase with increasing coolant volatility.

3. Lntrainment

The entrainment of liquid within the HCDA bubble is calculated
at any time as the difference between the bubble volume and the volume
displaced by the coolant surface motion. The entrained volume and the

entrainment as a percentage of bubble volume are presented in Figures 33(a)
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FIGURE 32 EFFECT OF COOLANT VOLATILITY ON BUBBLE VOLUME
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and (b), respectively. No trend with increasing volatility can be seen
in these curves. The differences seen in the curves are not substantial.
In all four constant mass experiments as well as in our earlier flashing

water source experiments,l the slug impact entrainment is about 30% + 10%

of the bubble volume.

Gie Flashing Source Expansion

il Pressure-Volume Increase

To evaluate the expansion work done in driving the coolant slug

to the vessel cover, we need to know the histories of pressure acting on
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the slug and the slug displacement. Since the bubble-slug boundary is

a moving boundary, we have no pressure transducer that meaéures the
pressure at this boundary. We, therefore, must construct an estimate

of the desired pressure from the three stationary pressure transducer
locations in the lower core, upper core, and bubble. Figure 34(a) shows

the composite pressure acting on the coolant slug in water experiment
G-011.

When the composite pressure is cross-plotted against the volume
displaced by the coolant slug (from the coolant surface displacement),
the pressure-volume change curve can be drawn as shown in Figure 34(bh).
Since the area under this curve is the expansion work [Figure 35(c)], we
see that essentially all of the work done on the slug is done after the
upper core is emptied. The majority of the work is done after the bubble

has expanded enough to reach transducer Pg.

Similar curves for Freon 113 experiment G-007 are shown in
Figure 35. Higher pressures acting on the coolant slug, Figures 35(a)
and (b),bresult in greater expansion work 'done earlier in time, Figure

35(c).

Figure 36 presents the composite pressures for constant mass
experiments with the three coolants. The effect of volatility on the
driving pressure can be seen in Figure 36. The upper core P3 (or Py)
and bubble (Pg) pressures before slug impact increase in value as the

volatility increases from/yater to Freon 113 to Freon 11 as coolant.

2. Expansion Work

The expansion work for experiments G-0l11 and G-007 is shown plotted
against time in Figures 34(c) and 35(c). The expansion work for all the:
constant mass experiments is shown plotted against the coolant surflace
displaced volume in Figure 37. The trends are fairly linear. For a given
displaced volume, the Freon experiments have yielded slightly higher ex—
pansion work. Table 8 summarizes the expansion work at slug impact and at
an expaﬁsion volume of 35 cubic inches. Since the initial cover gas gap

and, therefore, the coolant pool displacement differ in each experiment,
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(b) PRESSURE-VOLUME
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FIGURE 35
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the comparison at a given expansion volume is the most appropriate way

to compare the expansion work done in these experiments.

We see in

Table 8 that the expansion work in the two Freon experiments (at AV = 35

inch3) is about 25% higher than in the average of the two water experiments.

Table 8

EXPANSION WORK
CONSTANT MASS EXPERIMENTS

Initial Cover  Expansion Work
Gas Gap at AV =35 inchesS

Expansion Work
at Slug Impact

Experiment Coolant (inch) {kWs ) (kWs)
G-002 H20 0.89 1.85 2.42
G-011 H0 0.86 1.57 2.00
G-007 F113 0.77 2.14 2.40
G-009 F11 0.84 2.1 2.58

67 ~6%



\ RESULTS OF THE FLASHING WATER CONSTANT GEOMETRY
-EXPERIMENTS WITHOUT INTERNAL STRUCTURES

In the 1/30-scale geometry, two experiments were performed with water
as the coolant and two with Freon 113 as the coolant. The results from
experiments G-002 (water) and G-003 (Freon 113) are compared here. Repro-
ducibility is discussed in Appendix E. We note here that the cover gas
gap was significantly different in these two experiments; 0.89 inch in
G-002 and 0.58 inch in G-003. As mentioned at the beginning of Section IV,
the reason for this difference is that the coolant pool expands (to a
greater degree with Freon) when heat from the lower core conducts through

the sliding doors and heats the pool before the experiment is initiated.

A. Pressure Measurements

1. Lower Core Pressure

The lower core pressure in experiments G-002 and G-003 -is shown
in Figure 38(a). The doors begin to open at about 1.20 ms and slug impact
occurs around 4 ms in both experiments. In the interval between these

times, the records are quite similar, varying at most by 60 psi.

2. Upper Core Pressure

The upper core pressure is shown in Figure 38(b). The records
have been filtered through a low pass filter at 10 kHz to facilitate
comparison. The unfiltered records are presented in Appendix D. Near
the time of emergence of the bubble into the pool (~3 ms), the upper core
pressure is higher in the Freon experiment, reaching essentially the same
pressure as in the lower core, 600 psia. The higher pressure in the Freon.
experiment is due to both the coolant volatility and to the heavier coolant
slug being moved. In these experiments, it is difficult to sort out the
relative contribution of each of these factors. Comparison of Figure 38(b)
with Figure 23 (constant mass experiments) leads us to conclude that vola-

tility is the dominant factor leading to the higher pressure in G-003.
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3. Pool and Bubble Pressure

The pressure measured by transducer Pg in experiments G-002
(water) and G-003 (Freon 113) is shown in Figure 39(a). The record from
G-002 is quite similar to that of its duplicate test G-011 (Figure 24)
except thaﬁ the peak at 3 ms is somewhat broader and higher. The record
for G-003 (constant geometry) is quite similar to that of its constant
mass counterpart, G-007 (Figure 24) except that the first pressure peak
is shifted from 2-1/2 ms in Figure 24 to 3 ms in Figure 39. This slowing
of ‘the expansion is due fo the heavier pool in G-003. The pressure peaks
and valleys in G-003 are the same in magnitude as in G-007 (Figure 24).
The pressure drops in Figure 39 around the time that the bubble reaches
the transducer are also similar in magnitude to those in Figure 24. Slug
impact does not result in any increase in pressure in the water experiment
but is easily seen as a large rise in pressure in the Freon experiment.
This feature was also seen in the constant mass experiments (Figure 24).
The difference in response of the bubble to compression from the slug
impact shock is due to a difference in the composition of the bubble in
the water and Freon ekperiments—-namely, the presence of Freon vapor in

the bubble in the Freon experiments.

4. Cover Pressure and Impulse

Cover pressure Pg for experiments G-002 (water) and G-003 (Freon
113) is shown in Figure 39(b). Slug impact occurred at 4.06 ms in G-002
and 3.95 ms in G-003. The impact times are so close because of the dif-
ferent initial cover gas gaps. If the gaps were the same, slug impact

would occur much later in G-003 because of the heavier coolant pool.

The impact pressure in G-003 is about the same as in G-002. If
the gaps were the same, the impact pressure in G-003 would have been higher
than in G-002. The impact impulses for all four constant geometry experi-
ments are shown in Table 9. Despite the difference in the gaps, the
impulses in the Freon experiments are 1-1/2 to 2 times larger than those
in the water experiments. This increase is due partly to the longer dura-
tion of the pulse in G-003. Further discussion of the slug impact pressure

and impulse is presented in Section VII.
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Table 9

IMPULSE ON THE VESSEL COVER
FROM THE FIRST SLUG IMPACT PULSE,
CONSTANT GEOMETRY EXPERIMENTS

WITHOUT INTERNAL STRUCTURES

Initial Cover
Gas Gap Impulse*
Experiment Coolant (inch) (Ibf-s)
G-002 H,0 0.89 40.8
G-011 H,0 0.86 38.9
G-003 F113 0.58 67.9
G-004 F113 : 0.73 75.7

-
Average of all cover pressure measurements in a given experiment.

B. Coolant Surface and Bubble Motion

1. Coolant Surface Displacement

The coolant surface displacement for the two constant geometry
experiments under discussion are shown in Figure 40. We see here that
the heavier pool dominates over the effects of volatility. The displace-
ment in the Freon experiment proceeds more slowly than that in the water
experiment. The slopes of the curves in Figure 40 indicates a charac-
teristic pool velacity of 0.65 inch/ms in G-002 (water) and 0.61 inch/ms

in G-003 (Freon 113).

2. Bubble Profiles and Volume

Bubble growth profiles from the high-speed movies are shown for ex-

periments G-002 and G-003 in Figure 41. As with the constant mass experiments,
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FIGURE 40 COOLANT SURFACE DISPLACEMENT IN CONSTANT GEOMETRY

In contrast

to the constant mass experiment, the upper surface of the bubble is not

the same shape in these constant geometry experiments. In G-003 with the

heavier Freon pool, the bubble is flatter.

the bubble profiles, is shown in Figure 42.

coolant seen in Figure 40 is also seen in Figure 42.
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3. Entrainment

The entrainment volumes, Figure 43(a), in these constant geometry
experiments are similarvand‘the values for entrainment as a percentage of
bubble volume, Figure 43(b), are within the spread that we uSually.see.

In the constant mass experiments (Figure 33), the Freon tests had a lower
entrainment. Here, the Freon test has a higher entraioment. In all four
constant geometry experiments,:the éntrainment at slug impact is between

30% and 40% of bubble volume.

76



25

_§ 20
T
£
Q
o 15
3
~ 10
2
w
=
Z 5
<
o
S
wm O
-5
100
= 80
3
)
Q
60
|._.
=z
=
Zz 40
<
o
|_
pa
¥ 7]
-0
FIGURE 43

G-002 /

(H,

Y

N.G-003
\ (F113)

DOORS BEGIN
TO OPEN

NS Y

TIME — ms

(a} ENTRAINED VOLUME

U
\ NS

/
/%

20 b——

TO OPEN

DOORS BEGIN

2 3

T.INIE — ms

(b) ENTRAINMENT AS A PERCENTAGE
OF BUBBLE VOLUME

77 1%

MA-3929-509

ENTRAINMENT IN THE EXPANDING BUBBLE IN CONSTANT GEOMETRY
EXPERIMENTS WITHOUT INTERNAL STRUCTURES



-

VI EFFECT OF INTERNAL VESSEL STRUCTURES IN FLASHING
WATER CONSTANT GEOMETRY EXPERIMENTS

Three experiments with Freon 113 as the coolant are compared in this

section.
Initial Lower
Core Pressure
Experiment Internal Structures (psia)
G-004 None 1040
G-006 UCs & UIS 998

G-005 UCs & UIS : 501

In the experiment matrix G-005 and G-006 were to be duplicate experiments,
but G-005 was found to have an initial pressure low by a factor of 2 from
nominal. Comparison between G-004 and G-006 reveals the effects of internal
stfaétures. Comparison Bet&éedJG—OOS and G-006 reveals the effect of initial
pressure. These latter two are the first flashing water source experiments

we have conducted in which the initial pressure varies by a factor of 2.

A. Lower Core Pressure

The lower  core pressure in these three experiments is shown in Figure
-44, The pressures in G-004 and G-006 differ by no more thén about 50 psi.
Comparing experiments G-005 and G-006, we see that both the initial pressures
and the pressurc plateau which occurs afrer the sliding doors open and

until slug impact differ by a factor of 2.

B. Coolant Surface Displacement

In Figure 45(a), the coolant surface displacement in experiments
with and without internal structures is compared for both Freon 113 and
water as the coolant. The experiments with water as the coolant, E-001
and E-003, are from earlier work.! We see that the effect of internal

structure is qualitatively similar with either coolant. The expansion
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time scale is increased
cities [from the slopes

inch/ms for G-004, 0.38

with internal structures.

Figure 46(a) shows

by 1 to 1-1/2 ms.
in Figure 45(a)] are 0.61 inch/ms for E-001, 0.57
inch/ms in E-003, and 0.29 inch/ms in G-006.

LOWER CORE PRESSURE (P,) IN EXPERIMENTS G-004 (NO INTERNAL STRUCTURES).
G-005 (UCS + UIS), AND G-006 (UCS + UIS) .

The average coolant pool velo-

the effect of initial pressure on the expansion

Reducing the lower core pressure by a factor

of 2 changes the coolant pool velocity from 0.29 inch/ms in G-006 to 0.24

inch/ms in G-005.

C.

Bubble Profiles

The HCDA bubble photographs at slug impact are compared in Figures

47 and 48. Figure 47 shows that the effect of internal structures alters
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FIGURE 47 HCDA BUBBLE PHOTOGRAPHS AT SLUG IMPACT SHOWING THE EFFECT
OF INTERNAL VESSEL STRUCTURES
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FIGURE 48 HCDA BUBBLE PHOTOGRAPHS AT SLUG IMPACT SHOWING THE EFFECT
OF INITIAL PRESSURE

the bubble shape in the same way whether the coolant is water or Freon
113. 1In Figure 48, we see that the expansion time frame due to different

initial pressures does not noticeably change bubble shape.

D Cover Pressure and Impulse

The effect of internal vessel structures on the cover pressure is
shown in Figure 45(b). As in earlier work with water as coolant,1 a
noticeable reduction in slug impact pressure occurs due to the attenuating
effects of internal structures. In Figure 46(b), the effect of different
lower core pressures is demonstrated. The impulse on the vessel cover in
the four Freon 113 experiments with and without internal structures is
summarized in Table 10. Internal structures reduce the impulse by 44.97%
from 71.8 1bf-s (average of G-003 and G-004) to 39.6 1bf-s (G-006). Re-
ducing the lower core initial pressure by half reduces the impulse by

42.4% from 39.6 1bf-s in G-006 to 22.8 1lbf-s in G-005.
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Table 10

EFFECT OF INTERNAL VESSEL STRUCTURES
ON THE IMPULSE FROM THE FIRST
SLUG IMPACT PULSE

Initial Initial Cover
Structures Pressure Gas Gap Impulse*
Experiment Present (psia) (inch) (ibf-s)
G-003 None 1038.9 0.58 67.9
G-004 None 1039.7 0.73 75.7
G-006 UCSs + UIS 998.0 0.63 39.6

G-005 UCS + UIS 501.2 0.78 22.8

»
Average of all cover pressure measurements in a given experiment.
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VII INTERPRETATION OF RESULTS

In Sections III through VI, we reported the data obtained in these
experiments. Distinguishable effects of coolant volatility have been
shown, as have the effects of internal structures. In this section,
we review the integral measures of the expansion dynamics, e.g., the
coolant surface displacement and the cover loading. The coolant surface
displacement is an integral measure of the axial acceleration and velocity
history of the coolant slug that should correspond to the effects of
coolant volatility seen in individual pressure measurements. The cover

loading is a measure of the slug impact velocity.

Our discussion of the coolant surface displacement involves a com-
parison of the experimental measurements in constant mass and constant
geometry experiments with predictions based on a simple mathematical model
of the expansion. The model is shown in Figure 49. A constant pressure
source accelerates the coolant liquid in the upper core and coolant pououl:
until the coolant surface travels a distance equal to the cover gaé height.
The expansion occurs in two phases. In phase A, the upper core is emptied
and the mass of liquid in regions 1 and 2 varies with time. During phase
B, the coolant slug of constant mass in region 2 is driven upward by the

source pressure.

The fluid dynamics of the expanding source is not modeled. 1In our
experiments, we often measure a lower pressure in the bubble than in‘the
lower core. 1In our model we, therefore, allow the pressure driving the
slug upward to differ in phases A and B. The pressure in phase A acts
over the diameter d;, and the pressure in phase B acts over the diameter
do. Some simple calculations based on this model are presented in Figure 50.
The mathematical model is described in more detail in Appendix F. In
Figure 50(a), the effects of experiment geometry and coolant density are
demonstrated by using a phase A driving pressure of 650 psia and a phase
B driving pressure of 450 psia in the three cases$ shown. The choice of

650 psia for phase A was based on the lower core pressure data shown in
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FIGURE 49 SIMPLE EXPANSION MODEL

Figure 22. The choice of 450 psia for phase B was based on pressure data
in Figure 24 for experiment G-011 after the bubble reached the transducer.
In Figure 50(b), the additional effects of coolant volatility are demon-
strated by having the phase B driving pressure equal to 650 psia in the
Freon 113 cases. This choice was based on the higher pressure seen in
Figure 24 in Freon 113 experiment G-UU7. Five calculations are presented
in Figure 50. The reference case in parts a and b of the figure is our
standard 1/30-scale geometry with water as the coolant. The expansion

in these calculations begins at 1.25 ms, when conceptual sliding doors

open, to permit comparison of our experimental measurements.
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In Figure 50(a), we see that the coolant surface displacement in
the constant mass case is similar to the reference case, whereas the
constant geometry expansion with the heavier liquid proceeds more slowly.
The constant mass case does not exactly reproduce the reference case
because, although the initial acceleration is the same for each case,
the shorter height of "the upper core and the higher acceleration at a
given- time during phase A of the constant mass expansion results in an
earlier emptying of the upper core, i.e., a shorter phase A duration.
Phase A is 1.49 ms long-in the reference case and 1.18 ms loﬁg in the
constant mass case. Figure 50(a) demonstrates the effect of experiment
geometry on the coolant surface displacement with coolants of different

density.

Figure 50(b) demonstrates the effect of coolant volatility. The
pressure driving phase B in the Freon expansion is increased from 450
psia to 650 psia to represent the higher bubble pressure seen in the
Freon experiments (Figure 24). Relative to the Freon cases with a 450-
psia phase B driving pressure [Figure 50(a)], the Freon curvés in Figure
50(b) are shifted to the left; that is, these expansions proceed more
rapidly. This demonstrates the additional effect of coolant volatility

on the coolant surface displacement.

These calculations were made to get a qualitative sense of the
independent effects of experiment geometry and coolant volatility. Ex-
perimental measurements of coolant surface displacement are shown in
Figure 51. Quantitative comparison of slopes and times in Figurés 50
and 51 should not be made because of the simple nature of the mathematical
model used to generate Figure 50. Qualitative comparison should be made
between the trend demonstrated in Figures 50(a) and (b) and the trend

demonstrated in Figures 51(a) and (b).

Iu Flyurd 51(u4), the effecce of cxperiment geometry and coolant
density are shown in the nitrogen bubble source experiments. The nitrogen
source 1s not a constant pressure source (Figure D.7), so direct comparison
between Figures 50(a) and 51(a) should not be made. The qualitative fea-
tures of Figures 50(a) and 51(a) are the same. The constant mass expansion
is about 0.1 ms earlier than the reference expansion; the constant geometry

expansion is about 0.5 ms later.
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_ Figure 51(b) demonstrates the experimental effect of coolant vola-
tility on the results of the flashing water bubble source experiments.
In contrast to the nitrogen experiments, the constant mass experiment in
Figure 51(b) is farther to the left of the reference than the constant
mass is to the right. This earlier shift in time of the Freon experiments
results from the higher pressures produced by the vaporization of the
Freon. This shifting earlier in time was seen in the calculations in
Figure 50(b) when compared with 50(a). Figures 50 and 51 thus demonstrate
the separate effects of experiment geometry, coolant density, and coolant
volatility. Together, they support our expectation that the higher pres-
sures seen in the Freon experiments should have a demonstrable effect on

the coolant surface displacement.

To consider the slug impact pressure and impulse, we view the coolant
slug as a compressible material impacting on the completely rigid vessel

cover with velocity V The acoustic relation

I’
PI = pcVI

where p = coolant density and ¢ = coolant sound speed, can then be used

to predict the impact pressure P In two experiments with the same

velocity but different coolant aioustic impedance, pc, different impact
pressures would be expected. Table 11 compares the acoustic impedance
of Freons 113 and 11 with that of water. Since the acoustic impedance
of the Freons is 247 lower, the Freon experiments will produce lower

impact pressure unless the impact velocity is at least 32% higher than

in the water experiments. The following relations hold for these three

coolants:
Hy0 : PI (psi) = 5360 VT~(inch/ms)
F113: PI = 4069 VI
Fl1 : | _PI = 4086 VI

It is desirable to compare predictions from the above relations with
experimental measurements. Unfortunately, it is difficult to obtain good

values for the slug impact velocity and the slug impact pressure. The
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Table 11

ACOUSTIC IMPEDANCE
OF COOLANT SIMULANTS

Density, p, Sound Speed, ¢,  Acoustic pc
at 70°F at 68°F impedance,pc —_
Material  (Ibm/ft3) (ft/s) (Ibm/ft2-s) PCH,0
H,0 62.3" 4860¢ 3.03 x 105 1.0
F113 98.31 2344** 2.30 x 10° 0.76
F11 92.7% 2489** 2.31 x 10° 0.76

*From Reference 7.
tFrom Reference 9.
$From Reference 10.
$From Reference 11.
**From Reference 12.

measured coolant surface displacement can be used to determine a coolant
slug velocity. However, since the displacement is obtained every 0.1 ms
and since the coolant slug is decelerated by compression of the cover gas
in less time than the 0,1 ms before slug impact, we do not have the date
needed to calculate a slug impact velocity from the surface displacement.
The coolant slug velocity before impact is certainly an upper bound on
the impact velocity, although it is subject to about 20% error. The slug
impact pressure pulse has many peaks, valleys, and spikes (see, for example,
Figures 27 and 39), making it difficult to objectively characterize the
impact pressure., The best approach to characterizing the impact pressﬁre
is to calculate the slug impact impulse as the area under the pressure-
time curve for the first slug impact pulse and to model the pulse as an
isosceles trapezoid with equal length sides and a width at- the top one-

third the width of the base.
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Table 12 compares the slug impact pressure and velocity based on the
slug impact impulse and the coolant surface displacement. We see in the
table that the coolant slug velocity provides an upper bound on the impact
pressure. Characterizing the slug ‘impulse by a shape different than the
isosceles trapezoid shown will resuit in soméWhat different numbers, but
the coolant pool velocity will still provide an upper bound on the ex-
pected impact pressure. This is because (1) the impact velocity is lower
than the measured siug velocity before impact, (2) the cover has a finite
not an infinite acoustic impedance, and (3) the surface may not be per-
fectly flat. With the water coolant, the finite acoustic impedance of

the cover reduces the impact pressure by about 107%.

Table 12

COMPARISON OF SLUG IMPACT PRESSURE
AND VELOCITY, CONSTANT MASS EXPERIMENTS

FROM. SLUG IMPACT FROM COOLANT SURFACE

IMPULSE " DISPLACEMENT*
Calculated . Caleulated — Caleulated Coolant
impact Impact Impact Slug
Pressuret Velocityt Pressure? Velocity$
Experiment (psi) : (in./ms) {(psi) (in./ms)
G-011 (H,0) 1475 : 0.28 2950 0.65
G-007 (F113) 2117 0.52 2725 0.67

- G-009 (F11) 2658 0.65 2985 0.73

“*Yields an upper bound on the calculated impact pressure.

1‘Assumes pressure pulse is an isosceles trapezoid with the width
at the top 1/3 the width of the base.

fusing P; = pcvy.

$From the slope of the coolant surface displacement.
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The slug impact impulse depends on the duration and shape of the
slug impact pulse. This duration is primarily dependent on the time it
takes for the slug impact shock to propagate from the cover down to the
top of the bubble and return to the cover as an expansion wave. In other
words, it depends on the sound speed, ¢, in the coolant (Table 5) and the
distance between the cover and the bubble, h. 1If we express this mathe-
matically, we can see how the impulse will vary in constant mass and

constant geometry Freon experiments relative to 1/30-scale water experiments.

where A is the area of the vessel cover. From our discussion above, the

impact pressure depends on the impact velocity, V and the acoustic

IS
impedance; therefore,

I~ pVIhA

Since the product phA is approximately the mass, m_, of coolant abovée the

bubble at the time of slug impact, we expect that:
(1) In constant mass experiments

I~ VI

(2) 1In constant geometry experiments

I~ m VI
Based on the impulse values in Table 13, the Freon constant mass experi-
ments had about a 297 higher impact velocity and tﬁe Freon constant
geometry experiments had about a 207 higher impact veiocity than the
reference water experiments. These results--along with the coolant
surface displacement comparison (Figures 50 and 51), the higher impact
velocities obtained from the coolant surface displacements, and the
higher impact pressurés in the Freon experiments--combine to make a
consistent and strong case for the measurable effects of coolant vola-

tility on simulated HCDA bubble expansions.
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Configuration

Constant
Mass

Constant
Geometry

Table 13

SLUG IMPACT IMPULSE IN CONSTANT MASS
- AND CONSTANT GEOMETRY EXPERIMENTS

Experiment

G-002
G-011
G-007
G-009

G-002
G-011
G-003

' G-004

Coolant

H,0
H,0
F113

F11

H,0
H,0
F113
F11
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Initial Cover
Gas Gap

(inch)

0.89
0.86
0.77
0.84

0.89
0.86
0.58
0.73

Impulse
(Ibf-s)

40.8
38.9
51.1

51.9

40.8
38.9
67.9
| 75.7



VIII CONCLUSIONS AND RECOMMENDATIONS

In Sections III through VI, we have presented and characterized the
measurements achieved in this experiment series. A summary of these re-
sults is presented in Table 14. 1In the table, the expansion time (slug
impact time) and slug impact impﬁlse are presented along with the initial
lower core pressure and cover gas gap for the ten experiments. For con-
venience, the reference water experiments (G-002 and G-011) appear more
than once. Comparisons among these experiments and a few experiments from
our earlier work! have provided conclusive evidence that the thermodynamic
interaction of fuel and coolant influences the expansion dynamics and cover
loading of simulated HCDAs. Vaporization of some of the coolant that is
entrained in the bubble and mixes with hot steam contributes a partial
pressure to the bubble and thereby increases the pressure pushing the

coolant slug upward to the vessel cover.

Pressure measurements in the flashing water constant mass experiments
provide the strongest direct evidence of this conclusion. Pressure in the
upper core and expanding Bubble of the Freon experiments was on the order
of 50% higher than in the water experiments. When these pressures were
used in conjunction with the displacement history of the coolant sufface
to derive the expansion work done on the coolant slug, it was found that
the expansion work was about 25% higher in the Freon experiments. ©Little
difference was found between the results of the Freon 113 aud Freon 11

experiments.
-~

In Section VII, the coolant surface displacement and cover loading
in all the experiments without internal structures were compared. These
are integral measures of the expansion history. Comparison between the
coolant surface displacement in nitrogen source experiments, -in which
volatility effects are absent, with flashing water source experiments,
in which they are present, provided strong evidence that volatility effects
accelerate the expansion and shift the surface displacement curves earlier

in time. Support for this conclusion was provided by the use of a simple
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Table 14
SUMMARY OF EXPERIMENTAL RESULTS

Slug impact Slug
Initial Lower Initial Cover Time (ms from Impact

Internal  Core Pressure  Gas Gap Doors Begin  Impulse
Fuel Configuration Experiment Coolant Structures {psia) . tinch) To Open) (Ibf-s)
Flashing Constant IG-QDQ H,0 ' — 1058 0.89 2.86 40.8
~ Water Mass .
' G-011 H,0 — 972 0.86 2.92 38.9
G-007 F113 — 978 0.77 224 51.1
G-009 F11 ) — 1009 0.84 2.21 519
Constant  G-002 H,0 — 1058 0.89 2.86 40.8
Geomey
5-011 .H,0 — 972 0.86 2,92 38.9
3-003 F113 — 1039 ' 0.58 2.75 67.9
G-004 F113 — 1040 . 0.73 2.89 75.7
G-006 F113  UCS + UIS 998 063 4.04 39.6
G-005 F113  UCS + UIS 501 0.78 6.26 22.8
Nitrogen Constant G-008 F113 — 1450 0.96 2.03 61.7
Mass

Constant G-010 F113 — 1450 0.94 2.58 51.9
Geometry .



mathematical model of the expansion. Evidenée fdr the higher impact veio—_
cities associated with the faster displacements was obtained from the slug
impact pressures and slug impact impulses. The impact impulse was 29%
higher in the Freon constant mass experiments than in the water experiments.
This implies an approximately 297% higher impact velocity in these Freon
experiments.

The bubble volume and entrainment within the bubble were within the
range typical of our previous HCDA simulations.l»3 Entrainment is at
least 607% of the bubble volume as the bubble emergés from the upper core
into the pool. Entrainment in the upper core is certainly even higher.
Entrainment at slug impact ranges from 20% to 40% of the bubble volume.
The percentage of entrainment decreases during the expénsion because the
bubble grows faster than liquid is entrained into it. Although percentage
entrainment decreases during the expansion, the entrained volume of liquid
increases from about 5 cubic incﬁes as the bubble enters the pool to about
20 to 30 cubic inches at slug impact. Entrainment in the upper core is
due to the significant mixing that occurs as the sliding doors open.
Entrainment in the pool occurs in the dissipating vortex at the lateral

periphery of the bubble and at the bubble-coolant interface.

The location of vortices within the coolant pool depends on the
geometry of the internal structures. With an open upper core, a vortex
ring forms just above the upper core due to convection from the upper
core into the pool of a viscous liquid layer that forms at the wall of
the upper core. This vortex is engulfed by the bubble and entrains liquid
into the bubble by the circulation it creates at the lateral periphery of
the bubble. With a UCS or a UIS, other vortices are tormed, which entrain

coolant into the bubble.

Temperature measurements in the HCDA bubble of flashing water source
experiments were attempted for the first time in this experiment series.
Thé thermocouple was located approximately 1/2 to 1 inch above the core
depending on the experiment and approximately 0.7 inch off-axis. The
measured temperature increases with time as the bubble passes over the
thermocouple, indicating a temperature gradient through the bubble and

providing evidence for a fairly thick mixing layer inside the bubble
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boundary. Temperatures in the bubble varied between 100°F when the bubble -
reached the thermocouple and 350°F at slug impact. This compares with a
steam temperature no higher than 500°F for saturated steam emerging from
the lower core at 700 psi. Further measurements are needed to map the

bubble temperature field and structure.

The effect of upper core and upper internal structures on the ex-
pansion dynamics and cover loading is qualitatively the same whether the
coolant is Freon 113 or water. The structures slow the expansion and
thereby reduce the coolant surface velocity, slug impact pressure, and
slug impact impulse. The presence of both structures reduced the slug
impact impulse 56% in the water case and 457 in the Freon case. In two

.experiments with Freon 113 coolant and both internal structures, reducing
the pressure in the lower core by a factor of 2 reduced the impulse on the
cover by 42%. We predict that in constant mass Freon experiments with a
UCS and a UILS, the attenuating effects of internal structure would reduce

cover loads on the order of 50%.
The major conclusions can be summarized as follows:
® In the constant mass flashing water bubble source experiments:

- The upper core and bubble pressures were on the order of
50% higher than in the water experiment.

The expansion work at a coolant surface displaced volume
of 35 cubic inches was 257% higher than in the water
experiment.

- The slug impact impulse was on the order of 297 higher
than in the water experiment.

- The temperature in the bubble varied between 100°F when
the bubble reached the thermocouple and 350°F at slug
impact. -

& I all uy_pej_'i[ﬂents Ilfithlﬁuf 1'1‘11‘(-‘1"an1 ﬂ‘tr”nt“rccg the Cntrain"
: ment at slug impact was 207 to 40% of the bubble volume.

® Internal vessel structures reduced the slug imﬁact impulse
by 45% using Freon 113 coolant compared with 567 using water
as the coolant.

® In experiments with internal vessel structures, reducing the
lower core pressure by a factor of 2 reduced the slug impact

impulse by 427%.
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Future work in this area should entail 1/30-scale experiments that
address aspects of the expansion dynamics about which the most questions
remain. These areas include the forces on the UCS and UIS and on the wall
of the acrylic vessel, the mechanisms of ﬁixihg and entrainment in the
upper core and bubble, the composition of the bubble, the attenuation
effects of heat transfer with a more prototypic upper core structures,
and the temperature distribution in the bubble. Questions also still
remain about the scaling of thermodynamic phenomena observed in these
experiments and application of our results to the demonstration size

LMFBR and the newly proposed 1000-MW plant.
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Appendix A

APPARATUS AND INSTRUMENTATION

Lower Core

The lower core, which contains the bubble source material, is shown
in detail in Figure A.l. The lower core is designed according to ASME
pressure vessel codes for a maximum of 3000 psi at 700°F. The interior
is 3.75 inches in diameter and 5 inches long with a total measured volume
of 59.9 cubic inches (including the passage in the rigid base plate and
with all internal pieces in place). The interior is chrome-plated to

prevent corrosion.

The heating element is made from 718 Inconel sheet, 07021 inch thick,
with a total surface area of 50.25 square inches. It is supported by
three stainless steel stands with alumina insulators at each mounting
point. The electrical feedthroughs are 1/2-inch-diameter copper.. A
hard-anodized aluminum block insulates the lower feedthrough from the
vessel. Power is supplied by a 400 A, 40-V dc welding generator. The
welder permits fine control of the temperature in the vessel. The vessel
is completely filled with water during the heating process. Heating from

room temperature to 600°F requires approximately five minutes.

Figure A.2 is a schematic of the heating and pressurization system
used in the experiments. The water pressure is controlled by nitrogen
gas with a manostat. The manostat consists of two pressure chambers
separated by a movable piston and rolling diaphragm. The bottom chamber
is connected to the lower core pressure vessel, and the top chamber is
pressurized with nitrogen by the system shown in Figure A.2. The manostat
has an effective piston area of 26.0 square inches and a total stroke of
5.42 inches for a maximum volume change of 141 cubic inches. It, too, is
built to ASME code specifications for 3000 psi at 700°F. The maximum

allowable pressure differential across the diaphragm itself is 250 psi.
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Nitrogen gas is supplied by a 6000-psi bottle and regulator. All
the pressure lines are 1/4-inch-outside-diameter, 0.028-inch-wall, stain-
less steel tubing with. a maximum pressure rating of 6000 psi. The fittings
and valves are stainless steel. A pop-off safety valve set to 3100 psi
is mounted on the gas piping syétem to prevent overpressure. The valves,
gages, bottle, and regulator are mounted on a portable control panel.
The lower core pressure vessel and the manostat are isolated from the

operator in a separate room, as shown in Figure A.2.

With a nitrogen source, a gas bottle was used to fill the lower core
to the desired pressure. With a saturated zero-quality high-pressure
water source, the water for the bubble was brought to- the desired initial
state by heating it under pressure.. Figure A.3 is a pressure-specific
volume diagram for water showing the procedure used to heat the bubble
material. To reach any zero quality* initial state (saturated liquid;
point D, Figure A.3), the water pressure is first raised, at room tem—
perature, from atmospheric pressure (point A) to a pressure slightiy
higher than the desired pressure (point B). The water is then heated
to the desired initial temperature (point C) while the pressure is kept
constant by bleeding gas out the top chamber of the manostat. The pres-
sure is lowered at constant temperature to the desired value for the

experiment (point D).

If the experiment requires a higher quality steam as the initial
state (point D', for examplej, a. slightly different procedure is followed.
The water is pressurized to a point (B') above the critical pressure and
heated at that pressure to a predetermined temperature that gives the
desired specific velume (C') for the initial state. The waLer.is then
cooled at counstant specific volume until the desired initial pressure

13 reached (D').

* ' : : .
When a substance exists as part liquid and part vapor at the saturation

temperature, its quality is defined as the ratio of the mass of vapor
to the total mass. Quality has meaning only when the substance is in
a saturated state, i.e., at saturation pressure and temperature.
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This heating method has the advantages of:

‘® Keeping the bubble material liquid while it is being heated,
which allows more efficient heat transfer between the heating
element and the bubble material than would a two-phase or an
all-vapor mixture.

® Making the temperature, pressure, and specific volume easier
to control than other schemes, such as heating a measured mass
of water to a precise final temperature in a vessel of fixed,
measure volume, as shown by line A'-D' in Figure A.3.

Sliding Door Pressure Release Mechanism

Before the-experiment can begin, the heated, pressurized water in
the lower core must be released into the upper core barrel by opening
the passage between them. The passage must be opened completely in a
time much shorter than the expansion time of the bubble in the vessel
to ensure that the expansion of the bubble will not be affected by the
wéy the passage is opened. An opening time one-tenth of the expansion
time of the bubble in the vessel was considered adequate. Additionally,
the pressure release mechanism must not interfere with the flow out of

the lower core or release any debris into the vessel.

The bubble material in the lower core is released by opening the
passage between the lower and upper core barrel shown in Figure A.l1. The
passage is sealed by two flat doors, one atop the other, that can slide
in opposite directions. Each door is attached to a piston in a cylinder
driven by the pressure from the detonation of low density explosive. The
cylinders are mounted rigidly in a frame to which the base plate of the
reactor is attached. Figure A.4 is a schematic of the door-piston-cylinder

assembly.

The doors used in the experiments are made of 7075-T6 aluwminum, and
are 3.2 inches wide and 0.285 inch thick. They slide between the base
plate and the bottom plate of the reactor model as shown in Figure A.l.
Spacers set the proper clearance, 0.003 inch, between the doors. Sealing
is achieved with Viton 0O-rings on the bottom side of the lower door and

the top side of the upper door.
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As seen in Figure A.4, a boss on the leading edge of the door fits
into a slot in the front of the piston, providing a lightweight attach-
ment. The piston is 4.0 inches in diameter and 1.625 inches long. The
door serves to stabilize the piston in the cylinder. The cylinder has

a hard-chrome-plated bore to minimize scoring.

The explosive is a mixture of 90 wt% PETN* explosive powder and
10 wt?% plastic microspheres. A 26-g charge (in two 13-g paper canisters,
one on each side of theldoor) is used in each cylinder. Each 13-g canister
is connected to its mate by Detasheet+ fuse, 0.25 inch wide and 0.042 inch
thick. The charges in each cylindef are linked with equal lengths of

Detasheet fuse to a common point for detonation.

Figure A.5(a) shows the piston-door assemblies in the closed position.
Detonation of the low-density explosive drives the pistons outward. As
the pistons move apart, the doors are pulled one over the other and out

the passage.

The doors slide 3 inches before they begin to reach the high velocity
needed for adequate opening times, with relatively low acceleration levels,
The 26-g explosive charge yields a maximum pressure of 5780 psi and a
maximum acceleration of 6.1 x 10° in./sec?. The average velocity during
the opening is 4800 in./sec for an opening time of 230 uUsec. Figure A.5(b)
shows the doors as they begin to open the passage between the lower and
upper cores. Once the passage is open, Figure A.5(c), after a total motion
of 4.14 inches, the piston uncovers slots in the side of the cylinder that
vent the explosive gages to the atmosphere. The energy of the piston door
assembly is absorbed through crushing aluminum honeycomb material in the

rear portion of the cylinder.

*
PETN (CgHgO,,N,) pentaerythritol tetranitrate.

+Detasheet—D manufactured by E.I. du Pont de Nemours and Co., Wilmington,
Delaware.
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Analysis of the nitrogen experiment results includes consideration
of the work performed by the lower core gas. As the sliding doors move,
they make available volume, which the high pressure lower core gas can
£fill in a free expansion (constant energy) process. This reduces the
lower core pressure and alters the history of work performed on the upper
core and pool fluids. Analysis of these experiments as well as the
flashing water bubble source experiments requires a consideration of the
influence of this door volume on the experiment dynamics. Figure A.6
presents the nominal door opening sequence. Representative measurements
of the sliding door displacement are plotted and tabulated in Figure A7

and Table A.l, respectively.

Instrumentation

The door opening time is measured by a photodiode device that can
detect differences in the reflectivity of a surface. A polished aluminum
rod mounted to the front of the piston runs through a hole in the cylinder
mounting plafe and slides in a Delrin bearing mounted to the end-plate
(shown in Figure A.4). The photodiode is mounted to the bearing so that
it can measure the reflectivity of the rod surface. A dull black band
painted around the rod is positioned so that when the door begins to open,
the front of the band is at the photodiode and when the opening is complete,
the end of the band is at the photodiode. Additional 1/2-inch-long bands
spaced 1/2 inch apart allow measurement of the door displacement history.
A large change in the photodiode output (3 to 4 volts) results when moving
from the polished to the dull black surface. Thus, the output of the
photodiode during an experiment is a series of square pulses that start
when the door opening begins and stop when the opening is complete. The
output is recorded on both an oscilloscope and a high-speed Bell and

Howell tape recorder.
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Table A.1"

REPRESENTATIVE SLIDING DOOR DISPLACEMENT
(Photodiode 1, Experiment G-011)

Time .Displacement

m (inches)
00 0.0
1.306 3.00
1.503 4.15
1.600 ‘ 4.66
1.703 : 6.16
1.809 5.67
1.925 6.17
12038 ~ 6.68
2.169 7.18
2.294 7.69
2.444 8.19
2600 8.70
2.759 \ 9.20
2.978 9.71
3.269 10.21
3.656 10.72
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The instrument sting in which thermocouple T and pressure transducer g
P are mounted was shown full scale in Figure 10. The volume of the pool
occupied by the sting is shown in Table A.2. The HCDA bubble volumes
presented in this report include a correction for the volume of the sting
contained within the bubble. Table A.2 should be useful to those who may
wish to describe our experiment geometry in computer code predictions of

our experiments.
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Table A.2

INSTRUMENT STING VOLUME

EXPERIMENT G-0__

. o 02, 03, 04, 10, 11 07, 08 09
1" Vessel X Volume X Volume X Volume
. Cover (inch)  (inches3) -(inch)  (inches3) (inch)  (inches3)
‘[Y
Q S D 10.13 7.734 6.75 5.244 7.10 6.120
N 9.15 6.271 5.77 3.781 6.12 4657
' \\\ 8.19 5.363 4.81 2.873 5.16 3.749
NN 300 0775 243 0775 249 0.775
Instrument__ | \ 282 0648 2.26 0.648 2.32 0.648
Sting \\ 2.61 0.481 2.04 0.481 2.10 0.481
\ 2.50 0.402 1.93 0.402 1.99 0.402
A ' 238 0.360 1.82 0.360 1.88 0.360
~ § < 2.26 0.299 1.69 0.299 1.75 0.299
\ 203  0.181 1.47 0.181 153 0.181
N 188  0.108 1.32 0108 138 0.108
1.87 0.105 1.31 0.1056 = 1.37 0.105
1.52 0.026 0.96 0.026 1.02 0.026
x| | —————- —t - —1.00 0.0 0.43 0.0 0.49 0.0
4 e 0.0 0.0 0.0 0.0 0.0 0.0
A
-
NN

Upper
Core



Appendix B

EXPERIMENT INITIAL CONDITIONS

The initial conditions in the experiments consist of the state of
the fuel simulant in the lower core, the magnitude of the cover gas gap,
and the éover gas pressure at time zero (the time at which the fuse to
the sliding door explosives is detonated). The flow path separating the
lower core and upper core is opened as the sliding doors are carried by
the pistons being driven by the explosives. The flow path nominally
begins to open at 1.20 ms and is nominally fully open at 1.43 ms. The
bubble source expansion begins and the experiment proceeds as the sliding

doors are opening.

For the nitrogen bubble source experiments, the lower core was pres-
surized using a regulated gas bottle. Once established, this pressure
remained constant and thus was the same at time zero as initially set,

1450 psia.

The nominal water initial conditions in the lower core during the

flashing water source experiment were:

Pressure - 1160 psia
Temperature - 563°F
Quality - 0%

~

The nominal thermodynamic path used to establish a saturated zero-quality -
liquid state in the flashing source was described in Appendix A and is
represented in Figure B.1. Figure B.2 is a characterization of the analog
records of the Kulite pressure transducer and thermocouple T; used to
establish the initial conditions in the flashing source. Points A, B, C,
and D on the thermodynamic path of Figure B.1l are shown in Figure B.2.
Pressurization at room temperature ﬁo 1760 psia (points A to B) is fol-
lowed by heating to 563° (points Brto C) at a constant pressure of 1700

psia (T = 629°F). The preésure is then reduced at constant temperature
sa '

t
until saturated liquid conditions are reached at point D. Following point
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D on Figure B.2 are several features of the actual procedure not repre-

sented on Figure B.l.

Once the desired conditions at point D are established, the liquid
must be isolated in the flashing source before initiating the expansion
with the explosive bolts. The vessel is first isolated (point E), as
shown in Figure B.2, by closing the "isolation valve" shown in Figure
B.3. Power to the heating element is then shut off as indicated on
Figure B.2. Once the heater is off (point F), heat transfer from the
hot apparatus to the room temperature air and supporting structure is
no longer being compensated for; hence the liquid cools and the pressure
falls (points F to G). At point G, the explosive bolts are detonated,
initiating the expansion. Pressure and temperature changes during the
expansion are measured using other fast-response instruments. The con-

ditions at point G are the initial experimental conditions.

}n these experiments, the Kulite pressure transducer and thermocouple
T, were recorded on an EMI ta;e recorder at 30 inches per second. In
addition, they were input to two Nicolet digital storage oscilloscopes.
When both the temperature and pressure were established (between points

D and E, Figure B.2), a manual triggering device was used to simultaneously
put a fiducial mark on the tape recorder channels (the asterisk in Figure
B.2) and trigger the Nicolet oscilloscopes. The pressure and temperature
at the fiducial mark could be directly read on the oscilloscopes following
the experiment. The initial conditions at point G would then be determined
by subtracting from these values at the fiducial the pressure drop and
temperature drop that occur between the fiducial and point G on the cali-
brated tape recording. The values of the initial pressure (Pg) and initial
temperature (T;) in the lower core at time zero are presented in Table B.l.
For six of the eight experiments, the measured temperature is within 2
degrees of the saturatibn temperature at the measured pressure. Also

shown in the table is the average lower core pressure at t = 1.2 ms just
before the opcning of the sliding doors. ‘hese values are determined [or
each experiment by subtracting from Pq the average pressure drop in Pj

and P, between O and 1.20 ms. A typical lcwer core pressure trace during

this early period of the expansion is shown in Figure B.4.
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Table B.1

MEASURED LOWER CORE INITIAL CONDITIONS,
FLASHING WATER SOURCE EXPERIMENTS

t=0.0ms t=12 ms*
Pg Ty Fsat (Pg) Pt
Experiment (psla) (CF) (°F) (psla)
G-002 .. 1058 551 - 552 1015
G-003 1039 549 549 1031
G-004 1040 548 549 1028
G-005 .501 458 467 . 484
G-006 998 539 - 544 988
G-007 978 543 542 953
G-009 1009 544 546 989
G-011 972 543 541 , 947

* Just prior to door opening

i Calculated from Pg and the average pressure drop in P1 and P2
for each experiment

The cover gas gap in each experiment was set within 0.01 inch of the
nOminaltvalue of 0.90 inch a few hours before the experiment. The pro-
cedure used involved filling the apparatus to its final coolant level
with a small volume syringe. A sharply pointed metal rod was hung from
the vessel cover within 0.01 inch of the nominal gap. When the coolant
surface just touched the pointed metal rod, as indicated by a dimple in

the surface, the syringe was removed and the vessel was sealed.

The comﬁbsition of the coﬁer gas was not measured. Since Freon vapor
is denser than air, we expect that the cover gas in the Freon e%periments
consisted solely of Freon vapor. The air above the rising coolant surface
would have been displaced by Freon vapor coming from this surface as the

acrylic vessel was filled.
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To establish the initial conditions in the lower core during the
flashing source experiments, we used the pressurization and heating pro-
cedures just described. Heating of the fuel simulant in the lower core
heated the sliding doors and the coolant above the sliding doors. In
the flashing source tests, the temperature in the coolant pool indicaied
by thermocouple T2 was about 100°F a few seconds before experimént ini-
tiation. If overall the coolant pool is at about this temperature, the
coolant dénsity would have decreased somewhat from the time the cover
gas gap was set. The reduced coolant density would result in a larger
coolant volume and a reduced cover gas gap. In Table B.2, the gap at a
coolant temperature of 100°F is compared with the nominal gap and thergap
measured from the high-speed movies for representative experiments. The
trend is consistent and is convincing evidence that coolant heating was

responsible for the different measured initial gaps.
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Table B.2

EFFECT OF COOLANT HEATING
ON INITIAL COVER GAS GAP

Density Density Gap - Gap

at 70°F  at 100°F at 70°F at 100°F Initial Gap (Experiment)

Coolant Configuration® (Ibm7£t3) (Ib‘r_n/ft.3) (inch)y  (inch) " (inch)
H,0  CG. 6231 6200 . 080 085 0.89 (G-002)
o 0.86 (G-011)
F113 C.G. 98.26 95.79 0.90 . 0.63 0.58 (G-003)
0.73 (G-004)
F113 C.M. 98.26 95.79 0.90 0.74 0.77 (G-007)
F11 C.M. 92.72 90.20 0.90 0.71 0.84 (G-009)

*C.G. - constant geormetry (1/30 - scale} without internal structures
C.M. - constant mass

We also desired to know the initial cover gas pressure with more
volatile coolant simulants. Once the vessel is sealed after setting
the cover gas gap and the lower core is heated, the cover gas should
pressurize. When the vessel is sealed, the cover gas pressure is 14.7
psia and the coolant temperature is, say, 70°F. At experiment initiation,
the coolant is at about 100°F and the increase in the cover gas pressure
should corresporid to the increase in vapor pressure from 70°F to 100°F.
A differential pressure transducer with one side open to the atmosphere
was used to measure the cover gas pressure. The measured values are
comparéd in Table B.3 with values based on the coolant temperature mea-
sured by thermocouple T,. The measurement method could be improved, but

the measurements are consistent with our expectatlons.



Table B.3

INITIAL COVER GAS PRESSURE
FLASHING SOURCE EXPERIMENTS

Temperature Vapor Pressure
T2 Measured at T2
Several Seconds Relative Measured
Before Zero Time to 70°F P10
Experiment  Coolant (°F) (psi) (psig)
G-002 H20 93 - 04 NA
G-003 F113 107 6.5 NA
G-004 F113 92 34 NA
G-005 F113 NA NA NA
G-006 F113 NA A NA 3.3
G-007 F113 107 6.5 7.3
G-009 F11 99 7.3 8.5
G-011 H2O , 101 0.6 1.9

NA - Not Available



Appendix C

EXPERIMENT INSTRUMENTATION

A general description of the experiment instrumentation was presented
in Section II-D and shown in Figure 16. Additional information on the
instrumentation techniques was presented in Appendix B. This appendix
gives the actual instrumentation specific to each experiment. Figure C.1
presents schematics of each experiment, incldding all working instrumen-
tation, internal structures (if any), and apparatus dimensions. The
instrumentation for all experiments is summarized in Table C.1. Instru-

mentation schematics are presented in Figures C.2 through C.4.
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Table C.1

EXPERIMENT INSTRUMENTATION
Expt.No. Py P, Py P, Pg Pg P, Pg T, Fim D D,

G-002 * * * * * * £ * * * * #
G-003 . . » * # * * * » * » * *
' G-004 * * ¥ I'4 * * » * * * * *

G-005 * * NU NU ¥ * * NU  NU * * *

G006 * * NU NU * * * NU NU * ot *
G-007 * * I'4 * * * * * * * * *
G-008 * * NU NU L * * * * * * * *
G-009 * * I's * * * * * * * * *
G-010 * * * * * * * B * * * *
G-011 * * £ * * * T ® * * * * *

Instrumentation Symbols

b -
8
Tzw P - Pressure Transducer
PG\l.:j\VESSEL TOP COVER T - Thermocouple
Py D1, D2 - Sliding Door Photodiodes
COOLANT LEVEL .
T ACRYLIC VESSEL P9 - Lower Core Pressure, Pretest
DIFFUSER— - INSTRUMENT STING T1 - Lower Core Temperature, Pretest
®=. # T — Hvcam P10 - Cover Gas Pressure, Pretest
LIGH(g'_/' /P/ ) CAMERA '
= . A
Pyt &\\\i </ UPPER CORE BARREL
D S
SLIDING DOCRS \?\HIGID BASE
1
LOWER CORE HEATING ELEMENT

CONTAINING
BUBBLE FLUID

NU

o In
NU NU
NU NU

Use Notation

Used

Used but invalid/
maifunctioned

Not Used
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Appendix D

EXPERIMENTAL DATA

This appendix contains a complete set of data from the ten experi-
ments performed. Table D.1l gives the sliding door opening time and the
volume created by the door motion. A representative door displacement
history was presented in Figure A.7 and Table A.l1. Table D.2 presents
the slug impact time relative to time zero and relative to when the
sliding doors begin to open for each experiment. Included for each
experiment in Figures D.1 to D.10 are:

® Dynamic pressure measurements from all working pressure

transducers (indicated by an asterisk in Table C.1)

® Bubble temperature (for flashing water bubble source
experiments without internal structures)

® C(Coolant surface displacement measured from the high-speed
movies

® Bubble volume measured from the high-speed movies (for
experiments without internal structures)

® A sequence of ten movie frames characterizing the bubble
expansion.
The pressure and temperature data are presented for a 10-ms window. The
reader should refer to Table D.2 to identify the span of time associated

with the expansion from door opening to slug impact.

In -experiment G-009, the acrylic vessel fractured at slug impact and
broke into several pieces. The dynamic measurements are valid only through
the slug impact time, 3.52 ms. The data beyond this time should be dis-

regarded.

Determination of the initial conditions for the experiments was

described in Appendix B.
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Table D.1

SLIDING DOOR OPENING TIME AND VOLUME CREATED

Doors Begin to Open {ms)

—

Experiment  (door tips pass each other)
: B .
B '
G-002 - 1.194
G-003 1.199
G-004 1.315
G-005 1.302
G-006 1.313
G-007 1.309
G-008 1.199
G-009 1.313
G-010 1.300
G-011 1.292

Opening Total Volume
Doors Fully Open (ms) Time Created
(last tip leaves core barrel) {us) (inch3)
1.413 219 18.88
1.434 235 19.11
i.513 198 19.08
1.509 207 18.94
1519 206 18.65
1.516 207 19.05
1.459 260 19.46
1.519 206 18.61
1.497 197 19.16
1.503 211 19.31



Table D.2

SLUG IMPACT TIME

SLUG IMPACT TIME

-Doors Begin From Time From Doors
, To Open Zero Begin to Open
Experiment (ms) (ms) * (ms) *
G-002 1.194 4.06 2.86
G-003 1.199 3.95 2.75
G-004 1.315 4.20 2.89
G-005 1.302 7.56 6.26
G-006 1.313 5.35 4.04
G-007 1.309 3.56 2.24
G-008 1.199 3.23 ‘: 2.03
G-009 1.313 - 3.52 2.21
G-010 1.300 3.88 ' 2.58
G-011 1.292 - 4.21 2.92
*Accuracy tg?g

D-3
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At = 0.000 ms
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FIGURE D.2
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EXPERIMENT G-003, PHOTO SEQUENCE (Concluded)
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t = 1.315 ms from cetonation
At = 0.000 ms
Coors begin to open
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FIGURE D.3  EXPERIMENT G-004, PHOTO SEQUENCE (Concluded)
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t = 1.309 ms from cetonation t=1.942 rs t=2323 ms
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FIGURE D.8 EXPERIMENT G-009, PHOTO SEQUENCE (Concluded)
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FIGURE D.9 EXPERIMENT G-010, PHOTO SEQUENCE (Concluded)
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Appendix E

EXPERIMENT REPRODUCIBILITY

Of the ten experiments conducted in this series, four can be used
to demonstrate the excellent reproducibility of these experiments.
Experiments G-002 and G-011 with water as the coolant and experiments
G-003 and G-004 with Freon 113 as the coolant were all conducted in the
constant geometry configuration. In Figure E.1l, the data from G-002 and
G-011 are compared. The instrumentation common to both experiments is
shown in Figure E.l1(a). The data are compared in Figures E.1(b)-(g) and
the bubble profilesat slug impact are compared in Figures E.l1(h) and (i).
The variation in lighting in those two photographs should be disregarded.
As shown in Table D.2, the doors begin to open in G-011 at 1.29 ms and
in G-002 at 1.19 ms. Thus, the data in G-011 will appear shifted to the
right of that in G-002 by 0.10 ms. The excellent reproducibility of the

data is seen in Figure E.1l.

Freon coolant experiments G-003 and G-004 are compared in Figure E.2.
As in Figure E.1l, the data from the common instrumentation and the bubble
profiles at slug impact are presented. The doors begin to open in G-003
at 1.20 ms and in G-004 at 1.32 ms. Therefore, the data in G-004 will
appear shifted to the right of that in G-003 by 0.12 ms. Although the
cover gas gaps in G-002 and G-011l were very close, the gap in G-003 was
0.58 inch and in G-004 it was 0.73 inch. Thus, slug impact is earlier
in G-003 (3.75 ms) than in G-004 (4.20 ms). We therefore expect a lower
slug impact pressure in G-003 [Figure E.2(d)]. The remaining records in
Figure E.2 demonstrate the excellent reproducibility of the Freon experi-

ments.
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Appendix F

SIMPLE MODEL OF POOL MOTION

The simple expansion model described in this appendix and discussed
in Section VII was initially developed to assess how similar the coolant
surface displacement would be in a constant mass Freon 113 experiment
relative to a reference test with water as the cooclant. The model provea
useful in making several other comparisons, which are discussed below

following a description of the model.

Figure F.l shows the fluid regions used to model the 1/30-scale
apparatus without internal vessel structures. A pressure source accel-
erates the coolant in regioné l'and 2, the upper core and pool. In
phase A Qf the expansion, region 1 decreases in voluue and region 2 in-
creases in volume as the coolant in region 1 is displaced into region 2.
Once the upper core is empty, phase B of the expansion, the mass in
region 2 is constant. During phases A and B, region 3, the cover gas,
decreases in size as the coolant pool moves upward. Slug impact occurs

when the volume of region 3 decreases to zero.

The pressure driving the expansion in phases A and B is an input to
the calculation. ©No flow path pressure drop is calculated for the driving
source. To allow for the fact that some pressure drop can occur in a
real expandliug source, the pressure driving the expansion in phases A
and B is allowed to be different. Since the pressure in our flashing
water source experiments is almost constant once the sliding doors open,
the driving pressure iﬁ phase A, Pj,is a constant in these calculations.
Pressure Py is the pressure at the boundary between the lower core and
the pool. In phase A, this pressure increases from ambient to P; as the
lower core empties. In phase B, P, is the pressure driving the slug
motion. The cover gas pressure, P3, is a constant in these calculativns.
The effect of cover gas compression in these calculations is not considered.

Since the motion considered is one-~dimensional, the lower boundary of the
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coolant is a flat surface in both regions 1 and 2. A hemispherical bubble
is not considered. 1In addition, no entraimment is allowed at the moving

source/coolant interface.

The motion of the coolant is governed by Newtonian mechanics. The

equations of motion for the coolant in regions 1 and 2 are:
Pl—P2=ph1a1
Py - P3 =p hy ay

where 0 is the coolant density and a; and a, are the accelerations in

regions 1 and 2. Continuity requires:

Solving these three equations for a;, we find:

Py - Pj3

(d1)2
plhy + hy|—
1 2 d2

During phase A, this relation and continuity governs the motion in region

ay =

1. Heights h; and h, change with time as the coolant moves. The motion

in region 2 is calculated from the motion in region 1 and mass continuity.

In phase B, the coolant elug mntion is governed by

phy

ans =

where h, is the pool height in region 2 after the upper core has emptied.

This simple model can be used to scope the effects of changes in
experiment parameters if realistic values are used for the independent
variables in the calculations. Table F.l gives the values used for the

cases that demonstrate the effects of experiment geometry and coolant



Case

Phase A
{psia}

o .0 @ »

650
650
650
650
650

Table F.1 o

-

EXPANSION MODEL CALCULATIONS .

P,

Phase E M it L P REMARKS
(psia) (inches) {inches) (Ibm/ft3) Configuration - Coolant} Volatility
450 2.7 9.2 62.4 Refererce - water
450 1.712 \5.834 98.3 Constart Mass - Freon 113 No
450 é.7 9.2 98.3 Constant Geometry - Freon 113
650- 1.712 5.834 98.3 Zonstant Mass - Freon 113
650 2.7 9.2 98.3 Constant Geometry - Freon 113 ves



volatility. The calculations for these cases were performed on a computer.
The geometry effects without volatility are studied in cases A, B, and C
by using the same driving pressures in each case. The values shown are
representative of those that occur in actual experiments of the reference
type (water coolant). The effect of volatility is then demonstrated by
the use of a higher pressure driving phase B, simulating the higher pres-
sure that might occur in an HCDA bubble as a result of evaporation of

some Freon 113 coolant. The coolant surface displacements calculated

for these five cases were presented and discussed in Section VII.





