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Abstract

On 10-11" April, 2003, a serious incident occurred in a $plefuel assembly cleaning tank, which
was installed into the service shaft of tH€ unit of the Paks NPP of Hungary. As a consequeifice
the incident, most of the 30 fuel assemblies pia the cleaning tank have seriously damaged. At the
Institute of Nuclear Techniques, Budapest Universit Technology and Economics, several CFD
investigations were performed concerning the cooffsthe incident, the post incidental conditions
and the recovery work.

The main reason of the incident can be originatethfthe defective design of the cleaning tank
which resulted in the insufficient cooling of thgstem. First, the CFD calculations, with which the

thermal-hydraulic deficiencies of the design weevealed, are presented in this paper. This
investigation clearly showed how as strong tempegatstratification could develop inside the

cleaning tank that it was able to block the cooflow through the fuel assemblies.

After the blocking of the flow, the coolant startedboil, and the assemblies became uncovered. The
temperature of the surfaces of the fuel assembties above 1000 °C. With the aid of the radiative
heat transfer model of the CFX-5.6 code, the serfamperatures and also the heat transfer between
the shrouds of the assemblies and the inner suofabe cleaning tank mantle were analyzed.

When the cleaning instrument got opened the fusdrablies suffered a serious thermal shock and the
assemblies highly damaged. For better understamafirte post-incident state inside the cleaning

vessel and for serving as a basis for the safedyys@s of the cooling systems, other detailed 3D
thermal-hydraulic calculations were performed. Eheslculations also serve as a basis for the
recovery work.

The recovery work is planned to be started in theecfuture. During this work, the service shafll wi

be operated in a low-coolant-level operational mobiee operators of the damaged fuel removing
equipments will work standing on a platform whichi e placed into the service shaft just above the
surface of the coolant. Therefore protecting thekexs against unnecessary personal doses is a very
important task. Therefore, the vertical distribatiof the contamination in the service shaft was
estimated for different operational and incidergednarios with a wide parameter-study performed
with a 3D CFD model.

All calculations were performed with different typef CFX codes.
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1. Construction and operation of the cleaning instument

The cleaning vessel was a double-mantled closddasiit can be seen on the left side of Figure
1. It was installed into the so-called service shdfich located next to the spent fuel pool. 30l fue
assemblies could be placed in the tank, which wesationed by the bottom support plate and the
upper positioning plate. The foot parts of the fastemblies were positioned into the seats of the
bottom support plate. The coolant entered the odgavessel via four nozzles into the lower elliptic
part under the lower support plate. From the adigdtbottom, the coolant reached the fuel assemblie
through the bores drilled into the seats of thedmtsupport plate.

In accordance with the original concept, the coboVeould have flown up through the assemblies
and after leaving them, it would have flown downomg the assemblies to the outlet nozzles.
However, there are 12 small perforations with andiger of 9 mm on the shrouds of all regular (i.e.
not follower) fuel assemblies at the top of thetfoart (see the right side of Figure 1).

The cleaning instrument had various operating mod®aging the cleaning process (“C”
operational mode), the mass flow of the coolant 28&t/h. Due to the turbulence and the impulse of
the flow, the pressure drop through these perfamativas high enough that most of the coolant flow
went through the assemblies in this operationalen@iit in the course of the operating mode “B”
(after the “C” operational mode), when the coolaatss flow was decreased to 20 t/h, it was doubtful
whether most part of the coolant flowed directlyhe outlet nozzles through the perforations withou
reaching the active part of the assemblies. Thiopvas not investigated during the design of the
cleaning tank.

2. Summary of the incident

At 16:40, 18" April, 2003, the cleaning process of the sixthchadf assemblies had been just
finished. From this time, the cleaning instrumeasvweooled by 20 t/h coolant mass flow according to
the “B” operating mode. This operational mode awndid for hours because the reactor building
crane was busy with other operation and was n@& bfemove the cover of the cleaning instrument.
At 19:20, the water level in the spent fuel pogbidly increased. The subsequent investigations
showed that this time the coolant temperature énctbaning vessel reached the saturation, anddboile
away [1]. At 21:53, the noble gas detectors gavalarm signal. At 02:15, $0April, the vessel cover
was removed and radioactive release to the envieahthrough the stack of the reactor building was
experienced. At the same time, the water level eessad in the spent fuel pool. According to the
change of the level, about 5%mof cold water flowed into the cleaning vesselidtclear, that
previously this volume was filled with steam anc thssemblies were uncovered. The following
visual examinations in the vessel showed, that mbgie fuel had suffered heavy damage, and some
fuel pins broke into pieces due to the corrosiod #re thermal shock [2][3]. Figure 2 shows the
course and the stages of the incident.

3. CFD investigations of the early stage of the ifgent

First, the CFD model is presented with which thstfstage of the incident, from 16:40 to 19:00,
was investigated. During this period one-phase fleag in progress. The model (See Figure 3) was
developed with the code CFX-5.5.1. It containsfti®wing components of the cleaning vessel:

» The internal mantle of the cleaning vessel andithe

*  The lower elliptical part of the cleaning vessel.

201



The four coolant inlet nozzles inside the elliptiocattom with the baffle plates above them.
*  The lower support plate with the 30 bores.
*  The upper positioning plate.
*  The two outlet nozzles.

* The 30 fuel assemblies with six perforations atlitbgtom part of them.

The fuel assemblies were modelled as 320 cm higlagmnal prisms with a cylinder cut out
from it. These drilled hexagonal prisms were cutfoom the flow domain. The radius of the cylinder
was chosen to obtain an equivalent flow cross seciinstead of the 12 perforations of 9 mm in
diameter, six perforations of 13 mm in diameter evbuilt into the bottom part of the assembly’s
model. The flow resistance inside the fuel assesshbivas modelled by a sufficiently set volumetric
force which was based on previous measurements.

3.1. Development of flow-blocking temperature stratification in the cleaning vessel

The calculations showed that even without any tseatrce in the model, the by-pass flow
reaches 12% in the “B” operational mode of 20 tolant mass flow. Taking into account a heat
source of 350 kW, the results show that as strengérature stratification develops that it is cégab
to increase the amount of by-pass mass flow asnitbe seen on the left side of Figure 5. Although
the calculation was terminated after 4000 secordsuse of convergence problems, these results
clearly show that the maximum temperature wouldheaae saturation temperature (~120 °C) within
approximately two hours (see the right side of Fedhl). After 4000 seconds the by-pass reaches 71%;
the maximum temperature reaches 81 °C. It meansrianwhile the temperature increased 50 °C in
the vessel; the difference between the inlet anidibiemperatures was only 8 °C.

4. Calculations on the radiative heat transfer inlhe uncovered cleaning vessel

In the period between 19:20,”1(April and 02:15, 1% April, the coolant boiled away, and the
temperature could exceed 1000 °C in a short tinteeakevel of the corrosion showed it clearly ie th
post-incident investigations. On the other hantgrathis fast heating up, the temperature became
stable at a certain level. Since the radiative traaisfer is nearly proportional to the fourth powé
the maximum temperature in case of high temperadifferences, it appeared to be evident that
during this period of the incident, the radiativeahtransfer became the dominant way of cooling the
fuel assemblies in the cleaning vessel.

For investigating this period, Monte-Carlo radiatilveat transfer calculations performed with a
model developed using the code CFX-5.6. With thigleh, the temperature fields on the surfaces of
the fuel assembly shroud were stated with the agg8omthat the heat was removed purely by
radiation. With the model that contained a 60° sagmof the cleaning vessel, an extensive parameter
study was performed with different temperaturesthef inner surface of the cleaning vessel and
different values of emissivity of both the vesseiar surface and the assembly shroud surfaces taken
into account. The results of the calculations shibwaite good agreement with the post-incident
video records. Generally summarizing the lessoam&x from these calculations the following can
be stated:

e The maximum temperatures of the shrouds dependshgtly on the temperature of the inner

wall of the vessel. So, without exactly estimatithg inner wall temperature, the maximum
temperatures coming from the radiation calculatiopsld be sufficiently accurate.
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e On the other hand, the maximum temperatures andetinperature distribution depend very
strongly on the emissivity of both the assemblyoslds and the inner wall of the vessel. In case
presuming 800 °C for the inner wall temperature andssivity of 1.0 for all surfaces, the
maximum temperature of the shrouds was given tdd3® °C. Supposing that the emissivity of
the shrouds and the inner wall is 0.125, the reslibwed a maximum temperature of 1322 °C.
In case of 100 °C inner wall temperature and emitgsnf 0.125, the maximum temperature was
derived to be 1235 °C.

5. CFD study of the post-incident state of the dangged cleaning vessel

In order to much better understand the post-intidte inside the cleaning vessel and to serve
as a basis for the safety of the cooling systerntaildd thermal-hydraulic calculations were perfodme
with the code CFX-5.6. These calculations alsoesas/a basis for the recovery work. It was a specia
problem that the geometrical and physical propgniethe debris were not exactly known. Therefore
the debris was modelled by a special porosity mptlelThe uncertainties come from unknown data
were decreased by a rather extensive parametsr. stud

5.1. Geometry of the CFX model

At the Paks NPP, a survey was performed with vichraera on the content and geometry of the
debris at the bottom of the cleaning tank in Ma&®04 [2][3]. The developed geometry — based on
these video surveys — can be seen in Figure 7.rfthet parts of the assemblies were modelled as
hexagonal prisms. The flow domains in the assemidi® modelled as cylinders cut from these
hexagonal prisms. The cross-section of these et equal to the real cross-section of the flow
inside the assemblies. The damages were modelledissing parts. The whole model geometry
contains the cleaning tank itself without the cobe elliptical bottom part of the cleaning tanmida
the upper part of the service pool.

5.2. Boundary conditions and other parameters

The cleaning tank had a separate cooling loop dff2thass flow forced by a submersible pump.
This cooling loop enters the cleaning instrumerthatelliptical bottom and the coolant flows inhet
assemblies through bores in the bottom positioplate, into which the assemblies were positioned.
Neither the possible displacements from these ipositnor the perforations at the bottom of the fuel
assemblies were modelled. From the opened cleaaitkgthe coolant could flow freely to the service
tank. The coolant inlets’ temperature was 24 °Gafbcases.

Different heat power density values could be setsfa different assembly groups and for the
debris. Setting the heat source in the ellipticattdm was also possible for modelling occasionally
dropped fuel debris into this part of the cleartizgk.

For the bottom part of fuel pin bundles the resistawas set t§=20, for the top parts t&=100.

The debris is real porous media, the inside flovovwg and laminar and the flow resistance is derived
from Darcy’s law:

—-grad p=Hm
K

whereP is the pressurgy is the dynamic viscosit is the permeability and is the velocity of
the medium. Since the permeability of the debris wat known, this parameter was a subject of
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extensive parameter study. During this study, thengability of the debris was set in the range of
107-10"° m?. Analytical calculations based on literature shdwrat hypothetical debris consisting of
pure fuel pellets has a permeability of "1T0® m?%. More compact porous media like pure gravel or
porous sandstone or coarse grain sand has a pelityesfti0°-10"° n?* [4].

5.3. The parameter study

During the calculations, extensive parameter stofd$8 different parameter set configurations
was performed. The alphanumerics of the twelve igarditions that did not result in boiling are
shown in Figure 8. The following parameters wetdrs¢hese configurations:

* There were calculations of states immediately dfterincident, and also for states of later date.
Alphanumeric symbols “APR” or “NOV” refer to the Icalations for April 11, 2003 or
November 30, 2003 respectively. The heat source® walculated both in a realistic and a
conservative way considering the maximum lineart lpgaver of the hottest assembly as the
linear heat power for all parts of all assemblidphanumeric symbols “REAL” or “CONS”
refer to these two approaches.

» Different calculations were performed considerihg submersible pump of the cleaning tank
operating or being stopped. Alphanumeric symbol®NP or “POFF” refer to the state of this

pump.

* Some of the calculations were run with consideratib debris dropped into the elliptic bottom
of the cleaning tank. These calculations have alpieeric symbol “DEB”.

e Alphanumeric symbols “P07”, “P38”, “P08", “P59”, U®" or “P10” refer to the debris
permeability value of 10 3*10°%, 108 5*10°, 10° or 10" m? respectively.

5.4. Results of the post-incident calculations

The calculations for  configurations PO9_APR_CONS_PON P10_APR_CONS_PON
P09_NOV_REAL_PONP10_NOV_REAL_PONP09_NOV_CONS_PONINdP10_NOV_CONS_PONjave
results of temperature values over the boiling pdirmeans that in the case when the permealufity
the debris is 1&n7 or less, the coolant turns to boiling for all Gageor the other configurations, the
characteristic maximum temperature results careba en Figure 8.

The results showed clearly that the hottest pantlze found inside the debris for all cases. The
assemblies are well cooled for all cases. In tkerablies which are highly damaged in low levels, th
flow changes its direction after switching off themp of the cleaning tank (calculations signed by
“POFF") and this way, the coolant gets to the &l bottom through these truncated assemblies,
and flows up through the more intact fuel bundiemeans that stopping of the submersible pump six
month after the incident was not critical from thewpoint of the cooling of the assemblies. In the
case when debris was presumed to be in the elliptiottom, the temperature field changed very
slightly.

6. CFD study on the damaged system during the recery work
During the recovery work, the service shaft will tygerated in a low-coolant-level operational
mode. Since the operators of the damaged fuel rema@guipment will work standing on a platform

just above the surface of the coolant of decreésea, protecting them against unnecessary personal
doses is a very important task. From this viewpdhe coolant of the service shaft plays double.rol
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First, the few meters high layer of coolant betw#enworking platform and the damaged fuel is an
important part of the biological shielding for thwrkers. On the other hand, due to the considerable
amount of radioactive contamination dispersed ithte® coolant, it is also a source of radiation.
Therefore, the vertical distribution of the contaation in the service shaft is a very important
question during different operational modes of tbeling and purification systems. For answering
this question, a complex 3D CFD model of the damdagkeaning tank, the service shaft with
decreased level and the residual heat removingkahing systems has been developed. The model
can be seen in the left side of Figure 9. The modetains the following elements:

* The so-called TV shaft which is used for contrglithe service shaft by camera during normal
operation.

* The inlet and outlet chunks of the redundant serghaft cooling systems. Usually they are
referred to with their alphanumeric symbols: TGO0D@&nd TG01D002.

« The so-called protective flange at the top levehefcleaning tank. This flange will be the holder
instrument for the hermetic containers into whisé tlebris and the fuel assembly fragments will
be placed. The model does not contain the hermmditainers. Another function of the
protecting flange is preventing the debris frompghiag into the bottom part of the service shatft.

* The cleaning tank with the upper positioning pla&s.it can be seen in Figure 9, the assembly
positioning holes are blocked except one of thehe debris and the damaged fuel assemblies
inside the cleaning tank were modelled as porowtiume

» During the recovery work, the cleaning tank will b@oled by a so-called autonomous cooling
system (see Figure 9). The outlet of the autononsooting system was modelled as a chunk at
the proper level in the TV shaft. The autonomousling system feeds back the coolant at the
bottom of the cleaning tank.

* The model contains the mechanical filter which Ww# installed into the protective flange. This
filter feeds the coolant from above the protecflaage below it.

6.1. The investigated configurations

With the CFX model a wide parameter study was perénl. In the course of this study
calculations for 16 different parameter set configions were run. The configurations and the
alphanumerics of them can be seen on the rightcfigiégure 9 and the quasi state configurations on
Figure 10. The following different connections gratameters were set for these configurations:

* The “A” connection is the normal recovery operasibnonnection. The cleaning tank is cooled
by the autonomous cooling system and the puribcasiystem works with a mass flow of 40 t/h.

* In the “B” connection, the purification system isitoof operation. With these transient
calculations the increase of the contaminatiomnie twas investigated.

* The “C” and the “D” connections are the inciderdahnections when both the cleaning tank and
the service shaft are cooled by the TG01DO001 lobpl® t/h mass flow. In case of the “C”
connection the purification system works with a sadl®ew of 20 t/h, in case of the “D”
connection it stops.

* In case of natural circulation in a large waterktéime difference between the inlet temperatures
of different coolant loops has large significan€er the “A” connection, the coolant fed back by
the cooling system and the purification system mntee model via different inlet boundaries.
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For the “A20”, “A18", “A22” and “A30” configuratios, the inlet temperature of the coolant fed
back by the purification system was set to be 201%C°C, 22 °C and 30 °C respectively. The
coolant fed back by the autonomous system entersmtidel with an inlet temperature of 20 °C.
For the “B”, “C” and “D’ configurations, all inlelemperatures were set to be 20 °C.

e MFOUT marks that the mechanical filter is switchaftl MF90 marks that the mechanical filter
works with an efficiency of 90%. Normally, the effétncy is not known therefore it was
modelled to be 0% — marked with “MFO”,

6.2. Results of the CFD study on the damaged system during the recovery work

The results showed that for the “A” and “C” configtions quasi-stationary states develop. The
most characteristic numerical results are showfigare 10. The results showed:

* The contamination concentrations are rather sen$iblthe inlet temperatures in case of the “A”
configurations. In case of the purification systetmarges back coolant of equal or lower
temperature than the autonomous cooling systemhitjieest average concentration can be
experienced on the coolant surface (“A18” and “A20Due to the stable temperature
stratification in the service shaft, the bottomtpamains rather uncontaminated. In this case, the
results are rather insensible of switching on drtbhé mechanical filter of 0% purification
efficiency. In case the mechanical filter purifidtge coolant with an efficiency of 90%, the
average contamination decreases significantly.

 In case of the purification system charges backlacdoof higher temperature than the
autonomous cooling system (“A22” and “A30”) the tammination concentrations are much
higher for both the whole domain and the upper patthe service shaft. On the other hand, since
the highly contaminated coolant that leaves tharitey tank spreads along the protective flange,
the surface average contamination is lower thara# experienced for the above valued case.

* In case of the incidental cooling (“C”"), in spitétbe fact that the purification system works, the
contamination in the whole domain increases contisly during even a 10 hours long transient,
before the quasi-stationary state develops.

The performed transient calculations also showedctintamination growth rates in time for the
configurations without the purification system ftinaing (“B” and “D”).

On the basis of these result the extra doses éowtirkers can be estimated for different cooling
connections, and different sources of radioactorgamination dissolving into the water.

Summary

On 10-11" April, 2003, a serious incident occurred in a splefuel assembly cleaning tank,
which was installed into the service shaft of tH& @nit of the Paks NPP of Hungary. As a
consequence of the incident, most of the 30 fusémblies put into the cleaning tank have been
seriously damaged. At the Institute of Nuclear Teghes, Budapest University of Technology and
Economics, several CFD investigations were perfdrmencerning the course of the incident, the
post incidental conditions and the recovery work.

In the paper, both the damaged instrument, theseoair the incident, the different CFD models,
calculations and results are presented.
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Figure 1: The scetch of the cleaning vessel (letihd the foot part of a working assembly (right). Tle 12
perforations, 2 perforations for all six plates ofthe shroud can be seen at the top part of it.
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Figure 2: Main stages of the incident: a-b: temperture rises and temperature stratification developst
the beginning; c-e: boiling blocks the flow, the gtam pushes the water out, overheating of the asseliels,
blasting and oxidation of the fuel pins; f: openingof the cover and flooding of the cleaning tank

CFX

Figure 3: The CFX model of the intact cleaning vesd
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Figure 5: By-pass ratio (left) and maximum temperatire (right) during the operational mode “B”
transient
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Figure 6: Computational results for the radiative heat transfer inside the cleaning vessel, calculatinoy
the following parameters: Temperature of the vesseB00 °C, emissivity of both the vessel and the
assembly’s shrouds: 0.5
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Figure 7: The CFX geometry of the debris at the babm of the cleaning tank (right), the damaged
assemblies (center) and the whole model geometrgr the post-incident calculations
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Figure 8: Maximum temperatures in the debris, in tre assemblies and in the elliptical bottom for the gst-
incidental calculations
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Figure 10: Results for the quasi-stationary configtations of the CFX calculations on the damaged
cleaning tank and service shaft of decreased cooldevel during recovery

The calculations were run for a normalized contamiation source of 1 kg/s inside the cleaning tank.
Therefore the normalized results have a dimensionfdg/kg
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