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On March 11, a fire and explosion incident occurred at the Bituminization
Demonstration Facility (BDF) of Tokai Reprocessing Plant in Power Reactor and
Nuclear Fuel Development Corporation (PNC).
Soon after the incident, PNC (now reorganized to JNC) started to investigate the
facility damage, operational records around the incident, technical notes including
facility design and reviews of R&D results, operators' witness and to perform several
analysis, tests and calculations [1,2,3,4].
This paper describes outline and cause of the incident which were concluded based
on the results of continuous serious investigation, analysis and calculation.

BITUMINIZATION DEMONSTRATION FACILITY

Bituminization is solidification with bitumen of the low level liquid waste that is
generated from reprocessing plant. Fig. 1 shows the outline of the bituminization
(including the liquid waste treatment process). The process is composed of two main
processes. The first one is the liquid waste receiving and pretreatment. The second is
the dehydration, mixing with bitumen and filling to drums. After the bituminized
products are cooled for 40 hours, they are capped. 7,400 rr? liquid waste was
bituminized and about 30,000 bj^tumimzed waste drums have been produced since
October 1982.
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Room. The second floor houses Adjustment Cell in which two reaction vessels and
feeding vessels are installed (Fig. 2).
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Fig. 2 Bituminization Demonstaration Facility

The liquid
waste solutions
are stored in
Receiving
Vessel (V21).
After the 3 rn3

waste is sent to
Reaction
Vessel (V30
and 31), the
hydrogen ion
concentration
is adjusted.
The waste is
fed to the
extruder via
feeding
vessels (V32
and V33).
Feeding system has two lines such as the line from V30, V32 to the extruder and the
line from V31, V33 to the extruder. Batch type operation is adopted and the vessels
and lines are used by turns. The line from V31, V33 to the extruder is used in odd
number batches such as 1st batch, 3rd batch, 5th batch and so on., in one campaign.
And the other line is used in even number batches (2nd batch, 4th batch and so on)
(Fig. 1).
BDF has a horizontal
type extruder
hereafter called the
extruder of BDF (see
Fig. 3) with four
120mm-diameter
screw. Heated
bitumen material is
fed into 1st zone of
the extruder, the
liquid waste is fed into
2nd zone, the liquid
waste is vaporized in
4th-6th zone and
mixture is discharged
to a drum from 8th zone. The normal feed rate of liquid waste is 200 l/h. The liquid
waste and bitumen are mixed by the kneading disks equipping the screw shaft. The
mixture is poured into a drum on the turntable. One drum is filled up in about two
hours. About ten drums of bituminized products are produced in each batch.
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Fig. 3 The Extruder of BDF



CPOOO
SEQUENCE OF THE INCIDENT

The sequence of the incident is as follows [1]:

10:06
An operator found flash in the Filling Room and observed a 2 m high flame of fire
on a drum.

10:12
Operator started to extinguish the fire by water spray. After about 1 minute, the
operator stopped the water spray since he didn't see the fire in the cell any more.

10:23
All of the ventilation blowers were stopped (except the vessel ventilation blower).

20:04
The explosion occurred. Smoke was discharged from the window for about 3
hours.

OPERATION BEFORE INCIDENT

In this campaign, feed rate of the liquid waste to the extruder was decreased in order
to optimize the filling efficiency of the drum. The feed rate was normal (200 l/h) from
1st batch to 10th batch, and it was lowered to 180 l/h from 11th batch to 25th batch,
and then 160 l/h from 26th batch to 30th batch during which the incident occurred.
Liquid waste in V21 was transferred to the extruder after several hours stirring as
usual. But since 29th Batch, liquid waste was transferred just after stirring.

Unusual Behavior Before Incident
Cooling operation of extruder was conducted intermittently, because the temperature
of extruder zone 7 rose gradually in the middle of 27th batch. At the same time than
cooling operation, torque increase was observed. Operators observed unusual
situation at filling as follows:

E Bitumen mixture softer than usual
E White vapor on surface
E Many bubbles around the surface
E Hardened surface constructed after cooling

Facility Observation After Incident
Facility damage caused by the fire and explosion was thoroughly investigated [3,4].
The main results of the facility observation were pointed out as follows (Fig. 4):

E Most of the products which were made during 29th batch and all products which
were made during 30th batch were burnt. Especially, all products on the turntable
had burnt completely.

E The walls and ceiling were sooty caused by the fire and/or explosion. The
thermal damage in the wall was observed only in some parts of the wall near the
turntable, no thermal damage was observed in the cell wall near the conveyer.

E There was little damage for most of the filled drums except for some cracks
caused by collision of the roof-hatches and/or shielding panel. There was neither
any apparent damage on the extruder itself in the Extruder Room nor any burnt
mark on the bitumen mixture in the extruder. Therefore, there is no evidence of
solid explosion.

E The shielding panel was blown off several meters away from the installed
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position between the Filling Room and the Extruder Room. Two pieces of the five
roof-hatches dropped on the shielding panel. These observations indicate a
typical gas explosion phenomenon of little damage just at the explosion point
and serious dynamic damage through the broken boundaries.
The blown-off direction of broken boundaries indicated that the ignition point
might exist in the Extruder Room and the Filling Room. But there was no
possible igniter in the Extruder Room.
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Fig. 4 Damage of Room Boundaries on 1st Floor

CAUSE OF FIRE

Investigation of Chemical Effects
Many kinds of investigation and chemical analysis were conducted to ascertain
following presumptions concerned to chemical reaction.
Just after the incident, following four presumptions are considered:

EContamination and Hazardous Impurity
In order to ascertain the contamination of the liquid waste and other materials by
hazardous impurity, chemical analysis was performed on the liquid waste in V21,
30-33 (Fig. 1) and the bituminized products filled during 27th-30th batch.
The measured concentrations of total salt (salt means sodium nitrate/nitrite,
hereafter called "salt") anion, organic solvent (TBP, DBP) and other organic
content showed no abnormality. In the bituminized products, no segregation of the
salt was observed. Furthermore, chemical analysis on reagents and pure bitumen
showed there was no hazardous impurity [6].

EPreparation Failure of Reagent
The prepared reagents were sampled and their concentration was analyzed. All
analyzed results suggested no abnormality.

E Failure of Temperature Control of the Extruder
The temperature was controlled at about 180°C in the extruder where the bitumen
mixture was heated and mixed. If the temperature was not controlled, the
temperature of the bitumen mixture might be raised. According to the temperature
records of the extruder, no excessive heating operation was observed.

EExternal Heating of Drums on the Turntable or/and the Conveyer
As the result of the investigation inside the Filling Room, no heating apparatus was



oooo
observed. Therefore the possibility of the external heating was considered
negligible.

All initial presumptions were estimated impossible, so following three additional
presumptions were also investigated linked to the feed rate decrease and immediate
liquid transfer.

E Fining of Crystallized Salt Particle
The crystallized salt particle might have smaller granulometry than usual because
of the feed rate decrease. The laser deflected particle sizer was applied to
measure the particle size of the salt fixed in the bituminized products. The average
particle sizes of the salt products for 10th, 25th and 29th batch were 32, 21 and 27
mm, respectively. The feed rate of each batch was 200, 180 and 160 l/h
respectively. Accordingly, the particle size depended neither on batch number nor
on feed rate [6]. No granulomery reduction of the salt particles caused by the
decreased feed rate was observed.

ECatalytic Effect of Precipitate
Since the liquid waste was
transferred from V21
immediately, some
precipitate might be
supplied to the extruder. In
order to analyze the
catalytic effect of the
precipitate, the bitumen and
enriched precipitate mixture
was produced after the
liquid waste (including the
precipitate) was extracted
fromV21.
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Fig. 5 Self Heat Rate of the Bituminized Product Measured by ARC
The bitumen mixture with enriched precipitate was analyzed with the accelerating
rate calorimeter (ARC). The onset temperature and other exothermic
characteristics were almost same as those of normal product (Fig. 5).

EOxidation with Air
Infrared (IR) absorption analysis of the bituminized products was performed to
examine the functional groups generated through the exothermic reaction during
the incident. This result suggested that the oxidation during the incident occurred
without oxygen [6,7].

Based on these seven results, it was concluded that the chemical characteristics of
bituminized products had little abnormality even around the incident.

Observation Tests of Pouring/ Filling Situation
Judging from observed unusual situation at filling of bituminized products, it was
considered the temperature and fluidity of the bituminized products were higher than
usual [8]. The observation results of the products showed that most of the unburnt
products filled after 28th batch were abnormal, such as, hardened surfaces, caves
and porous brittle products (Fig. 6). The experiment using simulated bituminized
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products indicated the abnormality, when the bituminized products were kept over
230°C. Accordingly, the temperature of the unburnt products after 28th batch is
considered higher than usual [6,8,9]. Because no chemical heating was observed, it
was considered that the cause of high temperature of the bituminized mixture was
physical heating phenomena.

Burnt 29B 28B and unburned 29B Before 28B,
about 80kg about 250kg about 280kg

Hardened
Surface

Porous Brittle
Products

Bituminized
Products

Pure
Bitumen

*28Band 29Bshowthe 28th batch and 29th batch.
Fig.6 Investigation Results of Bituminized Products in Drums

Physical Heat Generation in Extruder

Experiments Using Laboratory Scale Extruder
Heating mechanism in the extruder was examined since the temperature of bitumen
mixture was higher than usual. The typical heating mechanism in the extruder is
viscous heating.

In order to confirm the heat generation in the mixing process, tests using laboratory
scale extruder were performed. The laboratory scale extruder (hereafter called the
"test machine") was a twin-screw co-rotation type with two 50mm-diameter screws.
The shafts of test machine and fluid situation inside the extruder were arranged as the
extruder of BDF. Mixture temperature was controlled by the barrel which was heated
electrically. When the mixture temperature gets higher than barrel temperature, the
electrical heater in the test machine was stopped automatically.

Time dependent tendency of the temperature and torque by the decreased feed rate
were confirmed as seen in Fig. 7.

As shown in Fig. 7, remarkable change of time dependent temperature could not be
observed. But the temperature of bitumen mixture was always higher than the barrel
temperature. The
salt content of
discharged product
and adhered
product on the
kneading disks was
analyzed.
Comparing those
salt contents, as
shown in Table 1, it
was shown that
adhered product
(hereafter called
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Fig.7 Behavior of Temperature and Torque in Experiment



salt enrichment) was several percents (2-4%) higher than discharged product.

After each test operation, the screw-shafts were pulled out to take samples of the
product from the inside of the test machine and to observe the product adhered on the
screw shafts. The separated salt was observed locally on the screw shafts. The
separated salt existed in the narrow space between the screw shaft and inner sidewall
of the barrel, and it looked like solid thin layer as shown in Fig. 8 (hereafter called salt
accumulation).

Table 1 Observed behavior of Salt Concentration
Feed Rate

(Mi)
6.5
2.6

Salt Content of
Product (wt%)

47.9
44.2

Salt Content at
Kneading disks (wt%)

49.1
50.6

Degree of Salt
Content (wt%)

1.2
6.4

Screw Side

Salt Layer on Shafts After Experiment Salt Layer Adhered Inside The Extruder

Fig.8 Shafts After the Experiment

Wall Side

Salt Layer

In the operation of BDF, water washing is carried out to wash the salt after the end of
each batch. Therefore, water and bitumen were fed to the test machine for about 20
minutes in order to investigate the effect of the washing. The fed water was proved to
clean the salt in the test machine, but some salt could be left in the extruder. Before
the tests were started, viscosity of the bituminized product was measured by capillary
rheometer. As the result it was proved that the viscosity was dependent on the salt
concentration at around 180-200°C [10].

The heat generation by viscous heating in the extruder of BDF was calculated by fluid
calculation. A flow of the product in the extruder was described by fluid equations.
Heat radiation and viscous heating were considered in this calculation. Temperature
of the mixture at the kneading disks of the extruder of BDF was estimated to get
30-45°C higher because of the viscous heating. The calculated result of the mixture
temperature depends on the salt contents. The mixture temperature was estimated at
approximately 210-225°C, when the salt content is 45-50%.

In this experiment, it was proved that the salt content rose at the kneading disks in the
extruder, when the feed rate was decreased. It is considered that the filling
temperature was high because the viscous heating was increased at the kneading
disks.

Analysis of Operational Records
Salt enrichment and salt accumulation were observed during laboratory scale



oooe
extruder tests. Salt cleaning effect of feeding water was recognized, however, some
salt could be still left in the extruder. These phenomena may have occurred in this
campaign. Therefore, the operational records such as the extruder temperature and
torque were analyzed in detail [11].

The torque was kept low at the beginning of each batch by cleaning operation, which
feeds water from the feed line of liquid waste and the condenser at the end of each
batch. This operation called A.D.C. operation (Automatic Dome Cleaning) is made
regularly several times in each batch.

At the usual feed rate (2001/h), T 3 = _ i _ _ , - 4 _ , - ^ - 4 ___ :•„;_»__ ; !___»
the torque of even-number ;_x ' ' ' T""" " ' ' '""^ '" r~~a

batch such as 6th batch was |=2S
increased (Fig. 9). The torque j y
behavior of 6th batch was J "
typical one of the
even-number batch. Though j
the decrease of the dxque '*^riiwi jijwiWVnr^^
was observed immediately 1 A ^ T I _.__' „ L . . ; Z l ~ I ^ T ^ Z r ~ J ^ r T T I ; "IjILI"
after A.D.C., the torque was :

rapidly recovered. On the FigS Typical Torque Tendency in Odd- Number
other hand, the torque of the and Even-Number Batch
odd-number batch such as 9th batch was stably low and fluctuated. Initial torque at
the beginning of each batch was constantly low.

It was considered, at the usual feed rate operation, that the salt accumulation
occurred in the even number batch, because torque was gradually increased and
suddenly dropped at the A.D.C. But in odd-number batch, increase and drop of torque
at the A. D. C. were smaller than those of the even-number batch. Therefore it was
considered that the torque increase due to salt accumulation for odd-number batches
is not significant relative to even-number batch.

It was considered that the torque surging prevented the salt accumulation by making
instantaneous high pressure to the mixture. The phenomenon of surge behavior was
observed in the laboratory scale tests for a similar situation when the barrel
temperature was low. Because the torque at the beginning of each batch was kept low,
salt enrichment and salt accumulation were considered small enough so that feeding
water could clean out the salt at the usual feed rate.

Change of torque and temperature from 26th batch to 30th batch are shown in Fig. 10.
The torque of odd-number batch also rose gradually. After 26th batch, torque at the
beginning of each batch increased gradually. In 27th batch, because temperature of
the mixture became higher than the warning temperature, barrel-cooling operation
was performed. In 28th batch, the shut down operation was conducted twice (this shut
down operation is indicated as N.S.D. in Fig. 10). The N.S.D. operation is performed
in case the torque exceeds the warning point.

The torque behavior after 26th batch suggested the salt accumulation was promoted,
because it is considered that the salt accumulation was caused by the friction
between the screw and accumulated salt layer. As the result of salt accumulation, salt
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layer wasn't cleaned sufficiently. There was torque drop at the A.D.C., because the
accumulated salt was cleaned partly by A.D.C. It was found the torque after A.D.C.
got higher than that before A.D.C. The cause was presumed that the accumulated salt
was washed and poured to the next kneading disks, consequently the salt
concentration at the kneading disk was increased. Therefore, the viscosity at the
kneading disks (increase of viscous heating) was increased.

It was concluded that salt accumulation occurred at 27th batch and 29th batch
(odd-number batch) because of decreased feed rate. It was considered that this
phenomenon was caused by the salt accumulation conspicuously. At 26th batch, 28th
batch and 30th batch, salt enrichment and salt accumulation were emphasized
because the torque increased gradually by the salt left in the extruder.

$AD.C.(Automatic Dome Cleaning)

30th
Belch

This line connected an initial torque of 26th batch and 30th batch.

Fig. 10 Recorded Torque and Zone 7 Temperature around the Fire

Physical Heat Phenomena in Extruder
It was considered that salt enrichment and salt accumulation seem remarkable and
the feed rate was decreased when the viscous heating is increased. Salt
accumulation causes the frictional heating, but mixture temperature is less dependent
on this phenomenon than on salt enrichment. The energy generated by the frictional
heating was mainly transferred to the barrel. So the main cause of physical heat
generation had to be salt enrichment.

This estimation on the cause of physical heat generation agrees with all operational
records shown in Fig. 10. In conclusion, when the feed rate was decreased, salt
enrichment and viscous heating was increased. Therefore, the filling temperature of
the bituminized product was increased.

Filling Temperature
Based on all chemical and physical experimental results, it is considered that the
filling temperature of the bituminized product was rather high. The thermal runaway
reaction to the incident seems to originate from the exothermic reaction of bitumen
and sodium nitrate/nitrite at high temperature. The critical temperature of the thermal
runaway can be deduced from the balance of chemical heating and heat radiation [12].
The chemical model based on the ARC data was assumed after the coefficient of heat



oooo
transfer was measured. As a result, it was proved that critical temperature was
approximately 250°C.

Event Sequences of Fire
All investigations suggested that unusual behavior occurred around the 26th batch.
The event sequence after 26th batch was concluded as follows:
(Following numbers are correspondent to the numbers in Fig. 10).
1) Torque at the beginning of each batch increased gradually after 26th batch. It was

considered the accumulated salt was left after the washing operation.
2) Automatic cooling operation was carried out since the temperature of zone 7 rose

rapidly. It is considered that the cause of this phenomenon is the salt enrichment
accompanied with the decrease of feed rate.

3) Surge of the torque during odd-number batches was observed for 27th batch and
the average value of the surge was increased. Since torque and temperature rose
after A.D.C., the salt was flowed and accumulated at the next kneading disks level.
As a result, the temperature of bitumen mixture rose because viscous heating was
generated accompanying the rise of viscosity.

4) The temperature of zone 7 remained stable after cooling operation while heating of
bitumen mixture was alternated. The reason is that thermal expansion of the barrel
(metal) was generated by the frequent rapid temperature changes. As a result, the
accurate temperature could not be detected since adhered salt was separated
from the barrel.

5) Torque and temperature of the bitumen mixture rose after N.S.D. operation since
the cooling operation was stopped. At this time, abnormal phenomena (generation
of hardened surface and cave) were observed in the bituminized products. It was
considered that they were caused by the increase of salt enrichment and salt
accumulation.

6) Torque and temperature of bitumen mixture rose after the second A.D.C. operation
during 29th batch and all bituminized products burnt at this time. Torque was
increased and the temperature of bitumen mixture rose by the salt enrichment and
salt accumulation in extruder since the effect of A.D.C. operation from the previous
batch (28th batch) was not sufficient.

CAUSE OF EXPLOSION
The type of the explosion, through facility observation, was apparently gas explosion.
Gas explosion needs (1) release of flammable gas, (2) formation of premixed gas and
(3) igniter.

Release of flammable gas
Since there was no direct evidence of gas release remaining in the facility, small scale
burning experiments and gas analysis were conducted by heating simulated bitumen
products. As a result, the main content of released gases from heating in air was CO2
and CO. In case of heating in inert atmosphere, the released gases contained H2, CO2,
CO and many kinds of hydrocarbons. It was considered that the flammable gases
have been released from the heated drums in low oxygen atmosphere.

Amount of oxygen necessary for burning bitumen is more than the oxygen supplied
from the salt in the drum and the Filling Room atmosphere. So the oxygen
concentration in the Filling Room was considered to have decreased after cell
ventilation was shut down.
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Formation of premixed gas
The gas released from drums must have remained in the Filling Room because of the
cell ventilation shut down. On the other hand, a small amount of exhaust air from the
vessel ventilation system could reach the Filling Room via the cell ventilation ducts.
So the oxygen concentration could increase gradually in the Filling Room, and the
premixed gases could be formed in the Filling Room after the fire.

Igniter
The facility observation and the thermocouple indicator suggested that the drums on
the turntable must be on fire just after the explosion. So the self-ignition of the drum
on the turntable was judged to be the most probable igniter. Any other possible igniter
could not be observed.

Cause of Explosion
From the results of the investigation, the cause of the explosion was concluded to
have been as follows:
After insufficient spraying of water during the fire fighting, the bituminized product in
the drums released flammable gases into a low oxygen atmosphere. The flammable
gases could not be vented due to clogging of the filter, and gradually mixed with the
air that reversed out from the outlet of the vessel ventilation system. The premixed
gases were ignited by self-ignition of another heated drum, which caused the second
fire.

CONCLUSION

The main cause of fire is concluded to have been physical heating because of
excessive accumulation and enrichment of salt inside the extruder, which was caused
by low feed rate. This mechanism made temperature of bituminized product rise. The
temperature of bituminized product filled in drums gradually raised up to initiate
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.
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