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9.6 Development of Safety Evaluation Technology for
Fire and Explosion in Reprocessing Plant

Akihiko MIURA
Japan Nuclear Cycle Development Institute, Tokai-mura, Ibaraki 319-1194, Japan

Based on some lessons learned from the accidents in the reprocessing plant all over
the world, Japan Nuclear Cycle Development Institute (JNC) has researched and
developed the safety technologies for the reprocessing plants and its related facilities.
This paper describes some accidental information around the reprocessing plants and
its related research activities in JNC.
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1. Introduction
The solvent extraction method using nitric acid and organic solvent (TBP: Tributyl phosphate)

called PUREX process has been employed in the Tokai Reprocessing Plant (TRP). Nitric acid is
known as a material with strong oxidizability, and it intensely generates the reaction, when organic
solvent was contacted at the high temperature, there is a potential hazard of fire and explosion.
Reprocessing technology and its safety assessments begun to be developed in U.S.A. since 50 years
ago, and important lessons and techniques are introduced to the operation. In order to maintain the
safety operation and improve the facility design, accidents which happened in reprocessing plants and
its related facilities are investigated.

From the initial stage of research and development on the reprocessing technology, explosions
caused by the mixture of nitric acid and organic solvent, combustion and explosion of the
hydroxylamine nitrate, fire and explosion by oxidation reaction of ion-exchange resin, fire by thermal
runaway reaction of the mixture of the bitumen and sodium nitrate, etc. were generated. Examples of
the fire and explosion accidents are shown in Table 1. Features of these accidents are caused by the
intermingled system of the combustible organic solvent and nitric acid or nitrate. Based on the lessons
learned from the accidental information, research which concerned the chemical reactions of PUREX
process was carried out, the standards of thermal control, acid concentration etc. of the present Purex
process were regulated. '

The TRP of JNC, based on the lessons learned form the accidental information, through the
investigation and recovery works of the fire and explosion incident in the Bituminization
Demonstration Facility (BDF) at Tokai Works in PNC (Power Reactor and Nuclear Fuel Development
Corporation), important and useful topics are sufficiently discussed!). Also, important technical
information about the safety is introduced to prevent the accidents or troubles. Recently, JNC started
some safety researches; the thermal stability study of chemical reagents in reprocessing or waste
treatment process, safety assessment of the process using the probabilistic safety assessment technique
(PSA) and the safety evaluation using computer simulation techniques. JNC also studied the explosion
safety to understand the pressure wave behavior in a nuclear facility and, to mitigate the damage of the
facility. This study obtained many important results in the safety technology fields about the industrial
explosions.

This paper includes the investigation results of the fire and explosion incident at the BDF and recent
topics of safety researches.

Table 1 Fire and Explosion Accidents in Reprocessing Plant2)

Date
1953.1.12
1959.11.20
1962.6.26
1993.4.6
1997.3.11
1997.5.14

Type of Accident
Explosion
Explosion
Explosion
Explosion

Fire and Explosion
Explosion

Place
Savannah River, USA
Oak Ridge, USA
Fontenay-Aux-Roses, France
Tomsk-7, Russia
Tokai Works, PNC, JAPAN0

Hanford, USA
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2. Fire and Explosion Accidents in Reprocessing Plants
There were some fire and explosion accidents in reprocessing plants. Major accidents are listed

above. In this chapter, outline of the fire and explosion accident at the BDF is introduced.

2.1 Outline of the Fire and Explosion Incident at Bituminization Demonstration Facility of PNC
Tokai Works

On March 1 lth, 1997, a fire and explosion incident occurred at the BDF of PNC. On the day of the
incident, a fire occurred at 8:10 in the morning, about 10 hours after the fire, an explosion occurred.
There is no injured in the incident, but 37 workers had internal exposure.

About 3 years investigation works including the chemical analysis and thermal analysis of the waste
solutions, reagents, bituminized products and simulated mixture of bitumen and sodium nitrate,
indicated the thermal runaway reaction of the bituminized product at high temperature. Operator
observed the fire extinguished after only 1 minute waster splayed, so the flammable gas released from
the unburned bituminized product. Possible cause of the incident is concluded below.

2.2 Cause of the Incident
The main cause of fire is concluded to have been physical heating because of excessive

accumulation and enrichment of sodium nitrate inside the mixture and dehydrate equipment, which
was caused by low feed rate of liquid waste. This mechanism made temperature of bituminized
product raised. The temperature of bituminized product filled in drums gradually raised up to initiate
thermal runaway reaction between sodium nitrate/nitrite and bitumen, and it led to self-ignition.
Insufficient spray of water caused the release of flammable gases from heated bituminized product
into a low oxygen atmosphere. The flammable gases could not be vented due to clogging of the filter.
The vessel ventilation system supplied air gradually and premixed gases were ignited by another
self-ignition.

The immediate cause was the decrease of feed rate, which proves the importance of understanding
equipment's behavior in many possible conditions. And chemical heating was not recognized as the
cause of this incident, but the chemical reactivity of the bituminized product should be well
understood and controlled. We must make much use of this experience in the future to prevent another
similar incident.

3. Topics of Recent Activity of JNC's Safety Research
In this chapter, recent research topic of the explosion in nuclear facilities is introduced.

3.1 Research Introduction
It is thought that the explosion in nuclear fuel cycle

facility is simulated as an explosion in a closed space.
Therefore, we have begun a visualization experiment and
developed a numerical simulation program of the explosion
in a closed structure to estimate the safety for nuclear
facilities3^.

3.2 Experiments
3.2.1 Test Section and Explosive System

Explosion experiments were carried out in a test section
which is made of Plexiglas for the holographic
interferometry. A test section is modeled as 1/50 scaled 1st
floor and 2nd floor of BDF in which the incident occurred.
The size of a test section is 0.12 * 0.74 * 0.22 m (Fig. 1). In
this figure, to the left side is a small room (Room A) and to
the right side is a large room (Room B). Each room is
connected by the window. Two rooms on the 2nd floor are
also connected by the door space, and the 1 st and 2nd floors
are connected by the roof hatch.
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Fig. 2 Explosive System

Explosives such as 10 mg of silver azide are exploded
by laser beam for the explosion generation. For this
explosive system, 120 mJ YAG laser and 2 m-optical
fiber were employed (in Fig. 2).

3.2.2 Holographic Interferometry
The double exposure holographic interferometry is

one of the visualization technologies which is suitable
for this experiment, because this technology does not
require such highly accurate optical devices and can take
photographs of the phenomena in the large test section5).

Fig. 3 presents a schematic diagram of the
holographic interferometric optical arrangement. A
holographic ruby laser was the light source. Often,
without using double pulse operations, the RL was
repeatedly operated twice at defined intervals. A pair of
concave mirrors is used. The difference in path lengths
between the object and reference beams was
adjusted, by using plane mirrors (M), within no
more than a few centimeters.

3.2.3 Experimental Condition
Two kinds of experiments are performed as

in the case of the explosion in room A and the
case of room B. In the case of the explosion in
room A, this is conducted in the small room
whose doors, windows and hatch are closed.
By contrast, in the case of the explosion in
room B, all doors, windows and hatch are
opened.

3.2.3 Pressure Measurement
Pressure inside the scaled model is measured

using semiconductor pressure transducers (Kistler
603B). Kistler 603B is very sensitive to measure
pressure fractuation and has very high responsibility
to transport to digital signals (in fig. 4). Pressure is
measured at seven points in scaled model (fig. 1).
These points are put on the corner of the walls and
faces of walls.

3.2.4 Experimental Condition
In order to minimize the change in ambient

conditions, any visualization experiments and
pressure measurements are carried out within 24
hours when the appropriate weather conditions
existed in December, 2001. Sound velocity
generated by explosives was estimated about
334-338m/s, when the air temperature was almost
5-10 Centi-degreeS. t*«*al Oscilloscope Pulse Genrator

Fig. 4 Diagram of Pressure Measurement
3.3 Experimental Results

Holographic photographs of time dependence are shown in Fig. 5. Fig. 5 is observed the case of
explosion generated in room B. All holographs were taken 0.02-0.15 ms intervals.

Fig. 3. Optical Setup of Double Exposure
Holographic Interferometry

6> Pressure Transducer
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In fig. 5, the wave reflection is observed and it causes the interference. Reflected wave and the
progressing wave cause interference and they pass the window which is installed between room A and
room B. It is found that passed wave and the wave that is reflected at wall in the vertical direction are
caused interference. And second shock wave occurred in 0.200 ms after. It was possible to load high
pressure at the corner of the room B repeatedly.

(g) 1.150 ms (h) 1.300 ms
Fig. 5 Holographic Photograph of the Explosion (Explosion in Room B)

3.4 Numerical Simulation
3.4.1 Simulation model

Experiment is physically modeled for numerical simulation. An explosive is assumed to be 4.22 J,
air temperature was 288 K uniformly and the pressure is defined as 1 arm excepting in the area of
explosives.

3.4.2 Equations
Wave propagation and reflection are normally accompanied by dramatic deformation of the latter.

Therefore, to investigate these phenomena numerically, the second-order upwind TVD scheme of
Yee's is adopted for these governing equations^. The basic equations for a three-dimensional
compressible Eularian flow can be written as follows.
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Here, p denotes the density, u, v and w are the velocity components in x-, y- and z- directions, e is the
total energy per unit volume, p is the pressure. And U, V and W mean the U=l
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f ip (1
(a) 0.100 ms (b) 0.200 ms

(e) 0.500 ms (f) 1.300 ms
Fig. 6 Simulation Results (Explosion in Room B)

V=T]xu+/]yv+rizw and W=

3.5 Simulation results
Fig. 6 illustrates the results of numerical simulations. Each figure shows the transient status of

pressure wave propagation. Wave expands the spherical shape and it reaches the nearest wall in fig. 6
(a). A preceding shock wave that reached the floor propagates the sidewalls with occurrence of the
reflection in fig. 6 (b) and (c). In fig. 6 (c) and (d), wave reaches walls of 2nd floor and ceiling. No
directivity of shock wave is observed in fig. 6 (f). After the reflected wave is slipping along the wall,
the wave reaches neighbor wall. After the wave that passes through the window installed between
room A and B, diffraction occurs at the window, the wave propagates to room B. Since the slipping
waves are concentrated at the corner of room A by preceding waves, pressure rise might be observed.
And it is also observed that the complex interactions of the reflected waves after the waves reach the
wall of axial direction. These figures show the good agreement for experimental results in fig. 5. This
numerical method is suitable to simulate the explosion in scaled model of nuclear fuel cycle facility,
because it is sufficient to show the wave propagation with multiple reflections in room B and
diffraction phenomena at opened window.

Time dependent pressure tendencies at point A, D and E are shown in fig. 7. In fig. 7 (a), point A
which is on the axis direction of explosion and it faces on the left-side wall. Two or many pressure
peaks are observed simultaneously in each figure. Point D indicates a corner of the room B. This point
locates the place surrounded in three walls. Pressure waves are thought to gather in this point. It is
thought that the first pressure peak is affected by the interaction of the reflected preceding wave, but
another pressure peak is also affected by the wave after preceding wave. Then the peak after the first
shock wave is thought to be caused by waves gathered from three directions. It is concluded that the
very large pressure peaks appeared at the corner of the rooms and load to neighbor walls. In
comparison with fig. 7 (a), largest peak pressure in fig. 7 (c) suggested no attenuation, even the
pressure was measured at point E where it is far from ignition point. And timing of appearance of
pressure peaks obtained by numerical simulation correspondents to the timing of them obtained by
pressure measurement. Simulation results of peak intensity are almost agreed with results of pressure
measurement. But in fig. 7 (b), measured pressure is quite low, because it is thought that the
semiconductor pressure transducer is installed obliquely in point D for the direction of wave
propagation and reflection coefficient of wall of experimental condition is possible to be lower than
that of simulation condition.

Time integrated pressure impulse at point D and E is also shown in fig. 8. Simulation results of time
integrated pressure at point D is much larger than that of experimental results, because the peak
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pressure obtained from numerical simulation at
point D initially is larger than that obtained from
experiment. In fig. 8, simulation result of peak
pressure at point E is smaller than experimental
results. However, both results are agreed in time
integrated pressure.

It is thought that the effective impact is possible
to destroy the facility. Based on these results, in
the case of explosion in closed space, it is
confirmed that the pressure is extended locally. It
can be predicted that large damage might occur at
the walls, equipments and so on, when the
extended pressure is loaded locally.
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3.6 Research Conclusion
In this study, visualize technique, pressure measurement and numerical methods are adopted for

scaled model of nuclear fuel cycle facility. It is confirmed that numerical simulation results agree with
the experimental results well and they can explain the phenomena of the blast wave in closed space.

Reflection of the shock wave is observed repeatedly on the walls, when the explosion occurs in
closed space. And it is found that the pressure rise rapidly at the corner of this space. Once wave
passes through the windows or doors, diffraction occurs around a window and wave propagates in fore
direction of walls.

According to these results, it is confirmed that such methods are effective to estimate the damage of
facility by explosion and to evaluate safety. It is thought that these technologies will be adopted not
only safety assessment of nuclear fuel cycle facilities but also safety design, evaluation for many kinds
of facilities.

4. Conclusion
Author investigated the accidents in reprocessing plants, and fire and explosion incident in PNC

Tokai works, the very important information was obtained from the investigation. And JNC studied
the explosion safety to understand the pressure wave behavior in a nuclear facility and, to mitigate the
damage of the facility. This study obtained many important results in the safety technology fields
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about the industrial explosions. JNC carries out the research and development which aimed at an
establishment of safety technology for nuclear fuel cycle technology effectively taking advantage of
the knowledge acquired by such investigation and analysis of accidental information.
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