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With the implementation of superconducting magnets in fusion reactors, the
possibility exists for the interaction between water and cryogenic systems.
Preliminary work done on the International Thermonuclear Experimental Reactor
(HER) identified that water used to cool the plasma chamber could come in contact
with the liquid helium used to cool the superconducting magnets. The rate of
pressurization and pressure increase from the rapid vaporization of the liquid helium
presents an area of concern to the internal structure of the reactor. While the
majority of superconducting magnets currently use liquid helium, improvements in
high temperature superconductors would lead to the replacement of liquid helium
with liquid nitrogen as the primary coolant.

A comparison of experimental results and numerical modeling for these liquid
nitrogen - water interactions was conducted at the University of Wisconsin-Madison
to determine its implication on the future design of fusion reactors. Subcooled water
at temperatures between 120 C and 140 C and pressures between 310 kPa and 450
kPa was introduced into the liquid nitrogen and the transient pressure and
temperature response were measured. For volumes of liquid nitrogen between 3.0
liters and 7.0 liters and water masses between 0.17 kg and 0.458 kg, the rate of
pressurization varied between 0.03 kPa/s and 40 kPa/s. Peak differential pressure
increases of between 0.6 kPa and 12.114 kPa were observed. Using the software
solver for numerical simulations, experimental and numerical results show that the
interaction was driven thermodynamically by the expansion of the entering water and
the boiloff of the liquid nitrogen within the vessel.
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Cryogenic vapor explosions

Vapor explosions are often defined as the rapid exchange of energy between a hot
fluid and cooler, more volatile fluid. When they come in contact, the vaporization of
the cooler fluid leads to the creation of a vapor film layer between the fluids. This
vapor film can remain in a metastable, non-explosive state while they begin to mix.
Eventually fluid instabilities break down the vapor film and the cooler fluid can rapidly
fragment. As the surface area between the two begins to increase, the
fragmentation can be accelerated from local vapor formation and lead to a rapid
increase in the pressure of the macroscopic region.

Since the interaction between the fluids comes from their initial contact, their
introduction geometry becomes a key element. Normally, vapor explosions occur in
three different geometries:

• Stratified layers of hot and cold fluids
• Hot fluid introduced into cold fluid
• Cold fluid injected into hot fluid

The specific geometry controls the initial surface area between the fluids and
subsequently can control the dispersion of the energy exchange between them. For
the cryogenic vapor explosions, the probable scenario of hot fluid (subcooled water)
introduced into the cold fluid (liquid nitrogen) will be the primary focus of this
investigation.

Vapor explosions are of interest in many areas including severe accident scenarios
in current fission and fusion reactors. Typically in fission reactors, the potential for
vapor explosions exist when liquid metal interacts with the water in the chamber
blanket. A review of the relevant literature was done by Corradini [1]. With the
severe temperature difference between cryogens and water, their interaction may be
classified as a phenomenon similar to vapor explosions.

Cryogen - water interactions have been studied primarily with liquid helium and liquid
nitrogen. Duckworth, Pfotenhauer, and Corradini [2] looked at the interaction
between liquid helium and water when pressurized subcooled water was injected to
a standard liquid helium dewar with a volume of 250 liters. While the pressurization
rates were high (on the order of 800 kPa/s), the interaction was primarily controlled
by the mass of the water entering the system. This interaction was further examined
with MELCOR to determine the final pressures since the liquid helium dewar was
limited in the peak pressure capacity (19 psia) [3]. For liquid nitrogen and water,
Bang and Corradini [4] looked at the interaction between stratified layers and found
that vapor explosions do occur in near equal volumes of liquid nitrogen and water.
Initially a stable vapor film forms between the two liquids and before they were
allowed to mix a layer of ice formed. After breaking this layer with an external
pressure wave, the pressure climbed at a rate of 400 kPa/s. The stratified geometry
of these experiments did not accurately reflect the geometry of interest where the
water is introduced into the cryogenic environment similar to the liquid helium - water
experiments previously mentioned.
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Experimental Setup and Procedure

The interaction between liquid nitrogen and subcooied water was studied with the
experimental facility pictured in figure 1. This facility was based on a previous
design used to study the interaction between liquid helium and water interaction and
allows for the interaction to be examined with respect to different volumes of liquid
nitrogen, water mass, and water temperature and pressure [2]. While a technical
report by Duckworth, Corradini, and Pfotenhauer [4] profiles the procedure and
setup with respect to the liquid helium-water experiments, a summary with the
modifications made for the study of liquid nitrogen - water interactions is given
below.
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Figure 1. Liquid nitrogen - water experimental apparatus

Using a fixed water mass of 1.5013 lbs as measured by the load cell, the initial water
conditions were fixed by the amount of air remaining in the pressure vessel and the
amount of heat provided by the 1500 W tubular heaters. Initial conditions for the
water varied in temperature between 120 C and 150 C and pressures 310 kPa and
510 kPa. Upon reaching the desired conditions, the pressure vessel was secured to
the receiver vessel and the receiver vessel was evacuated to 1 Torr to minimize
contamination due to water vapor. Then the liquid nitrogen was added to the
receiver vessel until the saturation temperature and desired volume of liquid nitrogen
was reached. An insulated smaller open tank with a volume of 100 liters was added
to the vessel to minimize the use of the liquid nitrogen. After temperatures and
pressures of the system had stabilized, the water was released from the pressure
vessel into the liquid nitrogen through a stainless steel nozzle. A set of nozzles were
made to vary its diameter between 2 mm and 12 mm. Measurement of the global
and local pressures and temperatures was recorded through a data acquisition
system and later analyzed. A post test measurement of the pressure vessel was
done with the load cell to determine the amount of water that had exited the system.



This procedure was repeated for different intial water conditions, nozzle diameters,
and water and cryogen masses to characterize the interaction.

Experimental Results

Several tests were performed to examine the dependence of the pressure response
on water mass, liquid nitrogen mass, and initial conditions. In figure 2, the influence
of liquid nitrogen volume is shown when a constant amount of water, 0.28 kg is
introduced to the system. While the pressurization rates, dP/dt, are nearly identical,
the peak pressure is higher for the larger volume of liquid nitrogen as expected.

118

116

(0
Q.

10
(0

2
CL

114

112

110

108

106

104

102

100

V = 6.7 L

_ w • • • ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^

--K*
— "*
d.mn —*

*~ — *

.„. i - » —

^ V = 3 .0

mm —'

L

15 200 5 10

time (s)
Figure 2. Comparison of the pressure response with respect
to the liquid nitrogen volume for a fixed mass of water.

To examine the dependence of the interaction on the water mass, figure 3 shows
the difference in pressure response for fixed volume of liquid nitrogen. In
comparison to the results shown in figure 2, the difference in the peak pressure seen
is larger for different water masses. It is important to keep in mind that the observed
pressure is the sum of the pressurization due to boiloff and the expansion of the
water as it enters the vessel. To illustrate this point further, the pressure response
was measured for the same mass of water with one run having 6.7 liters of liquid
nitrogen and the other having no liquid nitrogen but the surrounding structure cooled
near 77 K. The results as shown in figure 4. The combined information in figures 3
and 4 indicate that the initial pressurization for these interactions is a combination of
the water expansion/cooling, and boiloff of liquid nitrogen, he continued pressure
rise seen in figure 3 after the initial pressurization indicates the remaining presence
of liquid nitrogen. This was confirmed from a visual inspection an a measurement of
the liquid level.
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Figure 3. Comparison of the influence of water mass on the
pressurization for a fixed amount of liquid nitrogen, 6.7 liters.
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Figure 4. Comparison of the influence of liquid nitrogen on the
pressurization for a fixed amount of water, 0.458 kg.

Numerical Modeling

The experimental results were compared with a numerical model developed for use
with the computer code, Engineering Equation Solver (EES) [6]. The model
addresses the heat transfer between the liquid nitrogen and water during the initial
pressurization of the vessel since its peak pressure is of most consequence. Since
the time period for pressurization is relatively short, the water is treated as a solid
heat structure and rate of heat transfer given by the expression

Q = hAs(Tw-TLN)
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where As is the effective surface area of the heat structure. The heat transfer
coefficient, which is assumed to be constant, was found using a boiling heat transfer
coefficient over a vertical given by the expressions [5]

where
kg = thermal conduct iv i ty of the gas
Ap = di f ference between the liquid and gas densi t ies
g = accelerat ion of gravity
hfg = latent heat of vapor izat ion
Hg = viscosity of the gas
AT = temperature di f ference between the sur face and the liquid
a = sur face tension of the liquid

A n effect ive sur face area was obta ined by assuming a f ixed tempera tu re di f ference
and match ing the actual and numerical pressure growth rates.

Assuming the heat leak from the environment into the pressure vessel is small
compared to the heat exchange between the liquid nitrogen and the water, the
pressure as a function of time is calculated by assuming the nitrogen gas behaved
as an ideal gas, which leads to the expression

v hfg

In this express ion, the heat t ransfer is var ied by assuming that the effect ive sur face
area reduces l inearly wi th t ime, an assumpt ion also used in M E L C O R code
simulat ions.

Compar ison to Numerical Results for Liquid Nitrogen - W a t e r Interact ions

Numer ica l calculat ions were per formed for two cases with a f ixed amoun t of liquid
ni t rogen. Figures 5 and 6 show the initial pressur izat ion of 6.7 liters of liquid
ni trogen wi th respect ive water masses of 0.2193 kg and 0.4582 kg. Wh i l e the
calculated pressure is sl ightly be low the actual pressure, the est imat ion of the l inear
dependence of the sur face area with t ime is val id to within 10%. Addi t ional
ref inements are needed to bring the two curves closer together.
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Figure 5. Comparison of experimental results to numerical
results for pressure versus time for a liquid nitrogen volume
of 6.7 liters and a water mass of 0.2193 kg.

116-1

114 •

1 '"'
2 108 -

3 106-
VI
Qi

P H
 1 0 4 •

102 •

100 -

/

1 numerical

-j^~ — ^

^

0.2 0.4 0.6 0.8

time (s)

Figure 6. Comparison of experimental results to numerical
results for pressure versus time for a liquid nitrogen volume
of 6.7 liters and a water mass of 0.4582 kg.

Conclusions and Future Work

The interaction between liquid nitrogen and water was investigated experimentally
and numerically. The rate of pressurization and peak pressure were found to be
driven thermodynamically by the expansion of the water and the boiloff of the liquid
nitrogen and did not have a vapor explosion nature. Since the peak pressure was
small in comparison to previous work with stratified geometries, the role of the
geometry of the interacting fluids has been shown to be significant. Comparisons of
the peak pressure and the rate of pressurization with respect to the ratio of the liquid
nitrogen mass to water mass reveal no functional dependence as was observed in
the liquid helium-water experiments [2]. A simple thermodynamic model provides
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a fairly good description of the pressure rise data. From the data, the model will
allow one to extract the interaction area of the water. As with previous liquid helium-
water interaction experiments, more extensive investigation of the mass ratio and
interaction geometry is needed to define boundaries between explosive and non-
explosive conditions
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