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Experiments on the Influence of Coolant Volatility on HCDA Loads

R.J. Tobin

SRI International, Engineering Mechanics Dept., Poulter Laboratory,
333 Ravenswood Ave, Menlo Park, California 94025, U.S.A.

Simulations of hypothetical core disruptive accidents (HCDA) in liquid metal fast breeder
reactors (LMFBR) have generally used water to simulate both the fuel and the coolant. This
choice allowed development of the basic techniques and led to an increase in our understanding
of the dynamics and thermodynamics of expanding HCDA bubbles. The simulants used were not
intended to simulate the volatility of sodium in contact with melted uranium dioxide fuel in
the prototype. However, vaporization of the volatile sodium may increase the pressure that is
driving the coolant pool towards the vessel cover and thereby result in higher slug impact
loads on the reactor vessel. Although we cannot hope to simulate the actual thermodynamics
and heat transfer characteristics of the very high temperature HCDA event, we can try to more
adequately simulate the volatility of the coolant relative to the fuel.

To accomplish this aim, we chose two Freon refrigerants (Freon 113 and Freon 1l) as
coolant simulants for a new series of HCDA simulation experiments in a simplified 1/30-scale
model of a typical demonstration size loop-type LMFBR. The practical reasons for this choice
were transparency, low toxicity, low combustibility, and low corrosiveness, although we did
have to solve the problem of crazing of our acrylic reactor vessel by the Freons. The primary
thermodynamic reason for the choice was that the critical pressures of these Freons relative
to our water fuel is the same as the ratio of the critical pressures of sodium to uranium
dioxide. 1In addition, our choice satisfied the condition (which exists in the prototype) that
the coolant critical temperature be below the fuel temperature at HCDA onset. Thus, vapor-
ization of the coolant during the HCDA event is likely. This was not the case when water was
used as both fuel and coolant.

Since Freon is 50% denser than water, direct comparison of experiments with each as a
coolant involves the competing features of higher volatility and a heavier mass to be moved.
This led to conducting experiments in two geometriés. The reference configuration was a
1/30-scale model of a typical demonstration size loop-type LMFBR with water as the coolant.
The "constant mass" configuration used with Freon 113 or Freon 11 as the coolant was the same
1/30-scale model, but with the heights of the upper core and the coolant pool above the upper
core shortened to maintain the same coolant mass as in the reference case. This eliminates
the mass effect and permits direct evaluation of the effects of coolant volatility on vessel
pressures and cover loads.

The results of the reference and constant mass experiments support the notion that higher
volatility results in higher driving pressures and therefore higher impact loads. The experi-
ments using Freon instead of water had 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. Entrain-
ment within the bubble and the bubble shape were comparable in the Freon and water experiments.
The higher pressure in the Freon experiments is believed to be due to vaporization of some of
the Freon that mixes with the hot flashing water in the upper core very early in the expansion.

*
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1. Introduction

Experimental simulation of hypothetical core disruptive accidents (HCDAs) in liquid metal
fast breeder reactors (LMFBRs) serves two research objectives: (1) it increases our under-
standing of the dynamics and thermodynamics of expanding bubbles similar to the HCDA bubble
and (2) it aids in developing analytical models for predicting HCDA energetics. Data obtained
in simulation experiments can be used to validate the predictive computer codes constructed

using these analytical models.

Two types of experiments have been conducted in our laboratory. Experiments with 1/30-
scale rigid transparent models by Tobin and Cagliostro [1]}[2] have explored HCDA hydrodynamics
and thermodynamics, including the effects of vessel internal structures and energy attenuation
mechanisms. Experiments with 1/20-scale flexible models by Romander and Cagliostro [3][4]

have explored the reactor vessel response to HCDA loads.

The 1/30-scale HCDA simulations used water at 70°F and 14.7 psia as the coolant simulant
and either nitrogen gas at 70°F and 1450 psia or flashing water at 563°F and 1160 psia as the
HCDA bubble source. The nitrogen source experiments provided the hydrodynamic features of an
HCDA since no heat transfer took place between the fuel and coolant simulants or between these
simulants and the reactor vessel components. The flashing water experiments introduced a hot
bubble source with the potential for heat transfer. These simulants were not intended to

simulate the volatility of sodium in contact with melted uranium dioxide in the prototype.

This paper discusses recent 1/30-scale experiments by Tobin [5] using Freon 113 or Freon
11 as the coolant simulant to study the effects of coolant volatility on simulated HCDA bubble
expansions. Freons 113 and 1l are better coolant simulants than water in our flashing water
bubble source experiments. They satisfy certain requirements for the relationship between the
thermodynamic properties of the fuel and coolant simulants, and they satisfy our practical
requirements for a simulant that is transparent, nontoxic, noncombustible, and low in corro-

siveness.

2. Fuel/Coolant Relationship

In the LMFBR, the predominant component of the fuel is uranium dioxide (UO;) and the
coolant is liquid sodium (Na). During an HCDA, the fuel heats up and melts and the pressure
in the fuel core increases. The nominal values of 1160 psia (80 bars) and 1450 psia (100
bars) used in our simulations are typical of the conditions expected in the IMFBR core. The
pressure in the fuel core drives the sodium coolant upward, compressing the cover gas until
the coolant impacts the reactor vessel cover. At the interface between the expanding fuel and
the rising coolant, vaporization of the sodium in contact with the hot fuel may increase the
pressure that is driving the coolant pool and thereby result in higher slug impact loads on

the reactor vessel.

To study coolant volatility in HCDAs, we chose two Freon refrigerants (Freon 113 and
Freon 1l1) as coolant simulants that are more volatile than water because they have a higher
vapor pressure at a given temperature. Freon 11 i§ slightly more volatile than Freon 113.
Even more volatile Freons exist, but they are impractical for our use because they boil at
room temperature and pressure. The boiling points of Freon 113 and Freon 11 at atmospheric
pressure are 117.6°F and 74.9°F, respectively. It was expected that Freon 113 would be less

difficult to use, so it was chosen for use in most of our Freon coolant experiments.
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Table I summarizes the thermodynamic relationship between the fuel and coolant in the
prototype and in our simulation experiments. In the prototype, the fuel temperature is over
8000°F, which is about twice the critical temperature of the sodium; Table II summarizes the
critical constants of prototype and simulant materials. Thus, there is a potential for vapor-
ization of the sodium. In our previous simulations with a flashing water source and water as
the coolant, the fuel temperature was below the critical temperature of the coolant so the
potential for vaporization of the coolant was much lower. With Freon as the coolant, the fuel
temperature is greater than the critical temperature of the coolant in a ratio that is closer
to that in the prototype. Also, the ratio of the critical pressure of water fuel to the criti-
cal pressufe of Freon coolant is about that of the prototype materials. Although we cannot
hope to simulate the actual thermodynamics and heat transfer characteristics of the very high
temperature prototype HCDA, use of Freon coolants in flashing water source experiments more
adequately simulates the volatility of the coolant relative to the fuel. In Section 4.2, com-
parison of a Freon coolant experiment with a water coolant experiment demonstrates the effects

of coolant volatility.

3. Experimental Method

Experiments in this series were conducted in two experimental configurations because water
and Freon coolants have different densities. The densities of water and Freon 113 at 70°F are
62.3 and 98.3 lbm/ft3, respectively [9][11]. Since Freon 113 is 58% denser than water, direct
comparison of experiments with each as a coolant in cur 1/30-scale apparatus involves the com-
peting features of higher volatility, which increases the driving pressures and speeds up the
expansion, and a heavier coolant mass, which slows the expansion. Our reference configuration
(Figure la) is our 1/30-scale apparatus with water as the coolant. A "constant mass" configu-
ration (Figure 1b) used with Freon 113 was the same 1/30-scale apparatus but with the heights
of the upper core and the coolant pool above the upper core shortened to maintain the same
coolant mass as in the reference case. The cover gas gap was the same in both geometries.

This eliminates the mass effect and permits direct evaluation of the effects of coolant vola-
“tility on vessel pressures and cover loads. Four experiments in the two configurations drawn
in Figure 1 are discussed in this paper. Two experiments used the nitrogen gas bubble source,
and two used the flashing water bubble source. The four experiments are described in Table III
along with results, which are discussed in sections 4 and 5. Other experiments in this test

series are discussed in reference [5].

The models shown in Figure 1 do not contain any prototypic internal structures. A non-
prototypic instrument sting is shown. The nitrogen gas or flashing water bubble source ma-
terial was contained in the lower core shown in Figure 1. After the appropriate initial con-
ditions were established in the lower core and acrylic vessel, the experiments were initiated
at t = 0 by detonating an explosive to open the sliding doors. The flow path between the
lower and upper cores began to open at t = 1.2 ms and took 230 us to fully open. The expansion
of the gas or flashing liquid in the lower core then drove the liquid coolant out of the upper
core and formed within the coolant pool an expanding bubble, which drove the coolant pool to

impact on the vessel cover.
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The experimental instrumentation is shown schematically in Figure 2. Pressures in the
lower core, upper core, within the pool and bubble, and at the vessel cover were measured with
PCB quartz piezoelectric pressure transducers and recorded on both oscillograms and magnetic
tape. The transducers in the lower core were water cooled. Temperature in the pool and bubble
was measured using a Nanmac E12-1 Pencil Probe and recorded on magnetic tape. The positions
of the pressure transducer and thermocouple mounted in the instrument sting are shown in
Figure 1; the pressure transducer was located on the vessel axis, and the thermocouple was
located off-axis. The bubble expansion was recorded by a Hycam Model 41-004 camera at a
noninal speed of 10,000 frames per second. Coolant surface displacement and bubble volume

were obtained from the movie frames.

Bubble temperature measurements are not discussed here but are presented in reference [5].

They were attempted for the first time in this experiment series and were successfully obtained.

4. Discussion of Experiments and Results

4.1 Nitrogen Source Experiments

Nitrogen source experiments were conducted as part of this experiment series to pro-
vide a set of baseline results for reference and constant mass configuration experiments with-
out volatility effects. Since heat transfer and vaporization of the coolant are not present
in nitrogen tests, we expected that reference and constant mass experiments (Figure 1) would

proceed identically.

Figure 3 shows photographs of the HCDA bubble at the time the coolant slug impacts
the vessel cover in reference experiment D-006 (Figure 3a) and in the constant mass Freon 113
experiment G-008 (Figure 3b). (In Figure 3, different types of pressure transducers are sus-
pended from the vessel cover to measure the bubble pressure.) The striking similarity in
shape and surface texture of the two bubbles gives support to the experimental method of
constant mass experiments when using coolants of different densities. However, we see in
Figure 4 that the reference and constant mass experiments do not have identical coolant sur-
face displacement histories. The constant mass experiment does not exactly reproduce the
reference case because of geometrical effects, which are discussed in reference [5]. 1In
Section 4.2 on the flashing source experiments, we will see the effect that coolant volatility

has in addition to the geometrical effects seen here.

To examine the effect of coolant volatility on the expansion work and cover loading
in flashing water experiments, we first evaluate the work and loading for the reference and
constant mass nitrogen experiments. The work done is calculated from the pressure acting on
the slug at the moving bubble-coolant boundary and from the coolant surface displacement.

The pressure acting on the slug is estimated from the measurements recorded at the fixed
transducer locations in the lower core, upper core, and bubble. As the moving coolant boun-
dary passes a transducer at one of these locations, it is assumed to measure the pressure at
the boundary until the boundary passes the next location. Shown in Figure 5 are the measured
pressures (light lines) and the composite estimate of the pressure acting on the slug (dark

lines) for the two experiments.

Figure 6 shows the pressure-volume change curves for these two experiments, and

Figure 7 plots the area under these curves against time. Figure 6 demonstrates that most of
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the expansion work occurs when transducer Pg is measuring the driving pressure, i.e., when the
bubble is within the pool. Figure 7 indicates when this work occurs and indicates some dif-
ference between the two nitrogen experiments. This difference will appear small when the

difference between the two flashing water experiments is seen in the next subsection.

A typical cover pressure measurement is shown in Figure 8, which shows a series of
pulses beginning with slug impact. The first pulse is the primary slug impact pulse. Its
duration is the time it takes for the slug impact shock wave to reach the bubble interface
and return to the cover as an expansion wave. The later pulses occur as the bubble reexpands.
In constant mass experiments, we expect the slug impact impulse (for the primary pulse) to be
equal if the mass of coolant between the bubble and the cover and the impact velocity are the
same. The impulse in the reference experiment was 66.6 1lbf-s, and in the constant mass experi-
ment it was 61.7 lbf-s. This difference will also appear small in comparison with the flashing

water source experiment results.

4.2 Flashing Water Source Experiments

Figure 9 compares the HCDA bubble at slug impact in a reference experiment and in a
constant mass Freon 113 experiment. The bubbles have a different shape and texture in the two
experiments. The boundary of the flashing water bubble in the water coolant (Figure 9a) is the
most condensable boundary of the experiment series and has the fuzziest appearance. The bubble
in the constant mass Freon 113 experiment (Figure 9b) contains some Freon vapor due to vapor-
ization of the Freon coolant at the hot bubble boundary. This Freon vapor may act as a gas
{i.e., noncondensable) and results in an appearance similar to the nitrogen gas bubble

( Figure 3).

Quantitative evidence for vaporization of the Freon coolant in the constant mass ex-
periment comes from the pressures measured in the lower core, upper core, and bubble. The
individual pressures and the composite estimated pressure acting on the coolant slug are shown
in Figure 10 for the reference and constant mass experiments. The composite pressure in the
constant mass Freon experiment is about 50% higher than in the reference experiment. Both the
pressure in the upper core (Py) and in the bubble (Pg) are higher. These higher pressures are
due to the added contribution of the Freon vapor pressure. The vaporized Freon is created when
the Freon coolant above the sliding doors in the upper core mixes with the hot flashing water
emerging from the lower core as the sliding doors open. The percent of the bubble volume that
is liquid (i.e., the entrainment) is near 100% early in the expansion. As the upper core
empties, the entrainment drops to about 70%. At slug impact, the entrainment ranges between
20% and 40%. No significant difference was seen in the entrainment in these two flashing
water experiments. Thus, the higher pressure in the Freon experiments is due to vaporization
of a small amount of Freon liquid. Even though the percent entrainment is decreasing as the
bubble grows, the volume of entrained liquid is increasing. After the bubble emerges into the
coolant pool above the upper core, the entrained liquid enters the bubble at its cooler outer
boundary and is not as likely to vaporize as the liquid that mixed with the flashing water

early on.

Figure 11 shows the effect of the higher pressures in the Freon experiments on the
coolant surface displacement. When compared with the nitrogen source Freon results in

Figure 4, the flashing water source Freon results are shifted earlier in time relative to the
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reference case. The pressure-volume change curve in the constant mass Freon case (Figure 12)
is significantly higher than that in the reference case. The expansion work corresponding to
the area under these curves is seen in Figure 13. At any time, the expansion work is signif-
icantly greater in the Freon test. This was not the case in the nitrogen experiments (Figure 7)

where the difference between the curves was not nearly as great.

Since the initial cover gas gap was smaller in the constant mass case (0.77 inch)
than in the reference case (0.86 inch), the expansion volume differed in the two flashing
source experiments. Therefore, a meaningful quantitative comparison of the expansion work is
the work done for an expansion volume in each experiment of 35 cubic inches (see Figure 12).
The work done on the Freon coolant in the constant mass experiment was 2.14 kWs compared with
1.57 kWs done on the water coolant in the reference experiment. The greater work done on the
coolant slug in the Freon experiment resulted in a slug impact impulse of 51.1 1lbf-s compared

with 38.9 1lbf-s for the reference experiment.

5. Summary

We have compared the results of reference experiments using water as the coolant with
constant mass experiments using Freon 113 as the coolant. With a nitrogen gas bubble source,
a small differencg in the coolant surface displacement history was observed due to geometrical
effects. Small differences were also seen in the expansion work and slug impact impulse.

With the flashing water bubble source, these differences were much greater due to the higher
pressures resulting from vaporization of some of the Freon coolant. In the constant mass ex-
periment, the surface displacement was shifted earlier in time and the expansion work and slug
impact impulse were significantly greater. A summary of these results is presented in

Table III.
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Table 1
FUEL/COOLANT RELATIONSHIP*

Fuel Temperature  Fuel Temperature/

Properties and Applications, E.I. du Pont Publ. B-2 (1969).

E.I. du Pont Publ. T-113a (1938).

Fuel Critical Pressure/

at 1160 psia Coolant Critical Coolant Critical
Fuel Coolant °R(°F) Temperature Pressure
Prototype [uo2 Na 8799 (8339) 1.95 5.20-7.80
Materials
H,0 H,0 1023 (563) 0.88 1.00
Simulant
Materials | H,O F113 1023 (563) 1.17 6.48
H,0 F11 1023 (563) 1.21 5.02
*From references 6 through 10.
Table II
MATERIAL CRITICAL CONSTANTS
Critical Pressure, P, Critical Temperature, T,
Material (psia) (°R) Reference
Prototype { uo, 19319-29008 12101-14742 7
Materials
Na 3718.8 4517.0 8
H,0 3208.2 1165.1 9
Simulant
Materiats | F113 495 877.1 10
F11 639.5 848.07 10
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Table IIT
EXPERIMENTAL RESULTS — CONSTANT MASS EXPERIMENTS

Slug Impact Slug
Initial Cover Time (ms from  Expansion Work Impact
Gas Cap Doors Begin  at AV=35 inches3  linpulse
Experiment  Configuration E Coolant (inch) to Open) (kWs) (Ibf-s)
D-006 Reference N, H,0 0.90 216 240 66.6
G-008  Constant Mass N, F113 0.95 2.03 2.72 61.7
G-011 Reference H,0 H,0 0.86 2.92 1.57 38.9
G-007  Constant Mass H,0 F113 0.77 2.24 214 51.1
Cover
Water
09" 74 Surface
— ‘ Instrument Sting Freon 113
' 52+ 4597 Acrylic Cylinder 0.9" (S)ugr;i:'ce
9.2" 1.5" 045"
11.8" | 1.0" . ’
745" 583" ,
- z1" = [ERIEE
- -
Sliding Doors %} Upper Core
(2.3 in. dia.)
Heating Element/Til
Lower Core v
(60.9 in.3)
(a) REFERENCE 1/30-SCALE (b) CONSTANT MASS CONFIGURATION
CONFIGURATION FOR FREON 113

JA-317522-156

FIGURE 1 EXPERIMENTAL CONFIGURATIONS

Vessel Top Cover
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%
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Lights \.1 o, [ Hycam
@ — / S Camera
- ' —— Upper Core Barrel
Sliding Doors Rigid Base
1
Lower _l':pre Heating Element
Containing
Bubble Fluid

P - Pressure Transducer
Pz T - Thermocouple
MA-3929-298A

FIGURE 2 EXPERIMENT INSTRUMENTATION
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(a}

REFERENCE CASE
WATER COOLANT

(EXPERIMENT D-006)

(b) CONSTANT MASS CASE
FREON 113 COOLANT
(EXPERIMENT G-008)

JP-317522-16

FIGURE 3 HDCA BUBBLE PHOTOGRAPHS AT SLUG IMPACT IN THE
NITROGEN SOURCE EXPERIMENTS
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(b) CONSTANT MASS CASE
FREON 113 COOLANT
(EXPERIMENT G-008)
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FIGURE 5 SYSTEM PRESSURES (LIGHT) AND ESTIMATED
PRESSURE ACTING ON THE COOLANT SLUG
(DARK) IN NITROGEN SOURCE EXPERIMENTS
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FIGURE 8 TYPICAL SLUG IMPACT PRESSURE
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(b) CONSTANT MASS CASE
FREON 113 COOLANT
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FIGURE 9 HDCA BUBBLE PHOTOGRAPHS AT SLUG IMPACT
IN THE FLASHING WATER SOURCE EXPERIMENTS
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