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ABSTRACT

Protected loss-of-heat-sink (PLOHS) events are identified as one of the most dominant sequences in a
sodium-cooled fast reactor. Safety margins for significant core damage in PLOHS events were therefore
studied in this paper assuming fuel cladding failure.

The following three possible mechanisms leading to degradation of the core were then identified to be
scrutinized by a thorough and state-of-the-art review of open papers on the phenomena anticipated to
occur under cladding failure conditions:

(1) Fuel melting due to fuel-sodium reaction product (FSRP) formation,

(2) Thermal transient due to FP gas impingement from adjacent failed fuel pins, and

(3) Mechanical load due to the same FP gas impingement.

Following results were thus obtained through simulation analyses on each phenomenon mentioned
above using the FUCALF code:

(1) No fuel melting occurs due to FSRP formation,

(2) No fuel melting occurs due to FP gas impingement from adjacent failed fuel pins, and

(3) No mechanical pin failure occurs due to the same FP gas impingement.

Moreover, these are valid at the coolant temperatures of up to 950 degree C. It was therefore concluded
that large safety margins are provided during PLOHS events even in failure of fuel cladding. These results
will be effectively used in formulating the safety criteria for SAs or BDBAs as one of the supporting
evidences to be seriously considered.
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1. INTRODUCTION

The following safety criteria for anticipated operational occurrences are commonly and uniformly
employed for all the DBAs in the Japanese prototype sodium-cooled fast reactor (Monju) to prevent fuel
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melting and cladding failure [1], although specific safety criteria are defined for each design basis
accident (DBA) to prevent significant core damage:

(a) Maximum fuel temperature shall be below the melting point,

(b) Maximum cladding temperature shall be below 830 degree C in order to prevent cladding failure,
and

(c) Maximum coolant temperature shall be below the boiling point.

Cladding failure is allowed, on the contrary to that, in beyond DBAs (BDBAs) or severe accidents
(SAs), whereas the core cooling capability is also needed to be secured as in DBAs. No fuel melting
enables this by keeping the core in a coolable geometry, and is thus conservatively required even under
such a condition.

A past study has already clarified the accident sequences beyond design basis to be assessed when
confirming the effectiveness of countermeasures against SAs for the reactor in question [2]. Figure 1
shows
evaluated core
damage
frequency
assuming only
the measures
against DBAs
and that
assuming the
measures
against both
DBAs and
SAs. Protected
sas Protected - opp—ox 104y >  CDF=~2x107ry

sink (PLOHS)  a) Evaluated CDF assuming only b) Evaluated CDF by taking all
events are then the measures against DBAs the measures against DBAs
and SAs into account

Reduction of
CDF by
~1/1000

identified as
one of the
most Figure 1. Accidentsequence groups identified based on the internal event PRA
dominant

sequences in both cases. Safety margins for significant core damage in PLOHS events were therefore
studied in this paper assuming fuel cladding failure.

The following three possible mechanisms leading to degradation of the core were then identified in
this study to be scrutinized by a thorough and state-of-the-art review of open papers on the phenomena
anticipated to occur under cladding failure conditions:

(1) Fuel melting due to fuel-sodium reaction product (FSRP) formation,

(2) Thermal transient due to FP gas impingement from adjacent failed fuel pins, and

(3) Mechanical load due to the same FP gas impingement.

All the evaluation models mentioned above have been incorporated into the FUCALF code (FUel pin
Condition Analysis code at Local Fault) by developing needed but missing some methods in this study.

Safety margins are studied during PLOHS events even in failure of fuel cladding through analyses on
each phenomenon mentioned above using the FUCALF code.

2. SAFETY EVALUATION METHODOLOGY ON CONSEQUENCES AFTER CLADDING
FAILURES

NURETH-16, Chicago, IL, August 30-September 4, 2015 5688



FOHOWing three possible mechal‘lisms Of Table 1_ Fuel peuet s“re“ing rates d“e to

significant core damage due to cladding failure FSRP measured in reference [7]
were identified from a thorough and state-of- .
the-art review of open papers in this study: Sodium Heat transient
(1) Fuel melting due to FSRP formation, Temperature time (h) AD/D (%)
(2) Thermal transient due to FP gas (degree C)
impingement from adjacent failed fuel 800 1 2.44
pins, and 800 3 2.67

3) Meghanical load due to the same FP gas 800 7 285

1mpingement.

Although (2) thermal transient due to FP gas 328 ;; ;28
impingement can be analyzed by the FALL :
code [3-5] which was used in the safety 700 3 1.00
assessment of the licensing of Monju, 700 8 1.48
evaluation model for determining the duration 700 24 2.03
of FP gas release was not included which is 700 24 1.84
;mp(;lrtant for clalddipg cree}()1 flailfuretl) el 700 40 701

urthermore evaluation models for ue

melting due to FSRP formation, and (3) 700 120 247
mechanical load due to FP gas impingement are 700 406 2.52
also not incorporated to the FALL code. 650 24 0.80
Therefore the FUCALF code which includes all 650 576 1.41
the mathematical models to be described in the 650 2565 1.71
following sections was newly developed for the 600 24 0.45
integrated analysis of consequences of cladding 600 72 0.48
ie(t)lcllléres as an evolved version of the FALL 600 675 056

' 600 3267 0.62
2.1. Fuel Melting due to FSRP Formation 500 144 0.19

and Subsequent Molten Fuel Ejection 500 480 0.30

into the Coolant Channel 500 3500 0.30

Low thermal conductivity of FSRP (Na;MOy) [6-11] may induce fuel melting of which the reactions
are described by the following chemical equations.

MO, , +°Y ¥ Na o Y= *Na Mo, + 27X Mo, (1)
24y 2+y 24y
1+y
3Na+ MO, , +TO2 < Na;MO, (2)

Table 1 shows the fuel pellet swelling rates due to FSRP measured in the out-of-pile experiment [7].
The following swelling rate due to FSRP which gives a conservative value as shown in Figs. 2 to 6 was
introduced into the FUCALF code in this study based on the above-mentioned experiment.

AD —-205)°
(04

= In[(t, +0.5)x (T, —~195)]x [, 3)
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# Experimental data (Mignanelli and Potter)

Evaluation formula proposed in this study
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Figure 2. Fuel pellet diameter increase due to
FSRP formation at 800 degree C
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Figure 4. Fuel pellet diameter increase due to
FSRP formation at 650 degree C

Temperature distribution within a fuel pin was
calculated based on the following three-
dimensional transient heat conduction equation
[3.4] in the FALL code.

Cpp i: =div(k-gradl)+ Q(z) 4

The heat conduction in the FSRP region was
also incorporated into the FUCALF code in
addition to those in the fuel, gap, cladding and
coolant regions.

2.2. Thermal Transient due to FP Gas
[mpingement from Adjacent Failed Fuel Pin
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Figure 3. Fuel pellet diameter increase due to
FSRP formation at 700 degree C
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Figure 5. Fuel pellet diameter increase due to
FSRP formation at 600 degree C
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Figure 6. Fuel pellet diameter increase due to
FSRP formation at 500 degree C
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FP gas pressure in the fuel pins of SFRs can be larger than those of LWRs because fuel burnups in
SFRs are generally higher than those in LWRs. Therefore thermal transients due to FP gas impingement
from adjacent failed fuel pin have been historically studied [12-14].

Although the duration of FP gas release is also important in analyzing this kind of event, the
evaluation model is not included in the FALL code as mentioned above. Cladding thermal creep depends
not only on the cladding temperature but also on its duration. Therefore the following mathematical

model [13] was implemented into the FUCALF code for calculating the duration of FP gas release (tT ).

t =ts +t; ®)
where
1 Cy-Py(0)
tg = A 1 - ;
C,C, Y RT,  p .2l ©)
2
1 _
tE — .ln crit
7
c, C\A/0 RT, s @)

2.3. Mechanical Load due to FP Gas Impingement from Adjacent Failed Fuel Pin

Analysis of resonance oscillation of the fuel pin is necessary for that to be affected by a pressure pulse
induced by the FP gas impingement from an adjacent failed fuel pin. The resonance oscillation will be

evoked resulting in a possible fuel pin failure when the time period t, during which the differential
pressure across the fuel pin diameter is maintained is in the same order of the duration t, which
corresponds to the eigenfrequency of the fuel pin. Therefore the following mathematical model [13] was
introduced into the FUCALF code for calculating the durations of t, and t, .

t, = 2 (8)
C

2d? M
" VE v

3. APPLICATION TO THE SAFETY EVALUATION OF MONJU

A safety evaluation after fuel cladding failure during PLOHS in Monju was performed using the
above-mentioned methodology.

3.1. Fuel Melting due to FSRP Formation and Subsequent Molten Fuel Ejection into the Coolant
Channel
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The possible maximum duration of irradiation under the run-beyond-cladding-breach (RBCB)
condition will be 740 days in Monju conservatively assuming that fuel pin failure occurs at the beginning
of fuel life. The fuel pellet swelling (AD /D ) due to FSRP is estimated to be 9.4% at 883 degree C
respectively after an irradiation of 17,760 hours (740 days) based on the equations described in Section
2.1. Therefore the fuel temperature was analyzed by the FUCALF code conservatively assuming that
AD/D is 10%. The analytical conditions and results by the FUCALF code are presented in Table 2 and
Figure 7. The maximum fuel temperature was far below the fuel melting point despite a conservative
AD/ D was assumed.

Table 2. Main analytical conditions for fuel pin 2700
temperature with FSRP by FUCA code so00 ' Fuel melting point
Axial position of FSRP Core mid-plane W?%W
Power density of fuel (W/em®) 120 (7% of 51150 4o o 3 2| &
nominal power) 8 o g % B ‘—é’
Linear heat rating (W/cm) 27.6 (7% of 81100 o, & |x|© | ©
nominal power) < a]
Power density of FSRP 60.2 (7% of E e
(W/em’) nominal power) §1050 g
Thermal conductivity of FSRP  25% of fuel E
thermal = 1000 o
conductivity
FSRP thickness 10% of fuel 950 Coo o
radius
Fuel-cladding gap conductance  0.405 900 . ‘ , .
(W/em®/degree C) 0 1 2 3 4
Coolant temperature (degree C) 950 Radial position from the center of fuel (mm)
Number of axial cells 1 Figure 7. Temperature distribution from center
Num‘;er 10 fr?ldial cells }g of fuel pin with FSRP layer of which
FEZl-I();aZding oap 1 thickness is 10% of fuel radius
FSRP 1 A
Cladding 3 14 AA A Evaluated value based on
Coolant 1 fuel irradiation data
Number of azimuthal cells 1
12 A A
g
It should be noted that the fuel temperature g ! 'Y
in Figure 7 is moreover conservative because of K A A
the following reasons: E 08 A
- Although the FSRP temperature in Figure 7 é A *
shows above the sodium saturation § 06 A AA
temperatures, FSRP will not form under e w
such an above the saturation temperature -,g 04 A _ A A A A
condition [10]; 7 A e e A_ _
- Although the fuel-cladding gap conductance E 02
used in the analysis is the value for under
normal conditions as shown in Figure 8 [5], 0 : : : :
it can be higher because of FSRP and 0 2 4 6 8 10 12 14
sodium intrusion into the gap; Fuel bumup (x104MWd/t)

Figure 8. Fuel-cladding gap conductance cited
from the Monju licensing
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- Although the linear heat rating

(LHR) in the analysis is

assumed to be a constant value,

the highest value at the
beginning of irradiation

including uncertainty, it will be

decreased as fuel burnup

increases in the actual reactor,
Monju as shown in Figure 9

[5].

Therefore fuel melting due to

360

340

320

Maximumlinear heatrating (W/cm)
a8
o

280

FSRP formation is highly unlikely

in Monju.

™~

0 148 296 444 592 740

Equivalentfull power days (EFPD)

Figure 9. History of maximum linear heat rating

3.2. Thermal Transient due to FP Gas Impingement from Adjacent Failed Fuel Pin

Table 3 shows the main analytical conditions for the FUCALF code calculation. The effective heat
transfer coefticient between released FP gas from the failed fuel pin and cladding of adjacent fuel pin
were experimentally investigated [12-14] as shown in Figure 10. The minimum envelop value of 1.0
W/em?/K was conservatively used in this study. A gas blanketing angle of 360 degrees was also
considered conservatively in addition to 180 degree assuming multiple adjacent pin failures.

Table 3. Main analytical conditions for fuel
pin temperature by FUCA code

16
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Figure 10. Effective heat transfer

coefficient between released FP

Power density of fuel (W/cm®) 120 (7% of
nominal power)
Linear heat rating (W/cm) 27.6 (7% of
nominal power)
Angles for gas blanketing 180, 360
(degree)
Released gas temperature 950
(degree C)
Fuel-cladding gap conductance 0405
(W/cm*/degree C) )
Coolant temperature (degree C) 950
Number of axial cells 1
Number of radial cells 15
Fuel pellet 10
Fuel-Cladding gap 1
FSRP 0
Cladding 3
Coolant 1

gas from the failed fuel pin and

Number of azimuthal cells

cladding of adjacent fuel pin

Sectors with gas blanketing

3 for 180degree
1 for 360degree

Sectors without gas
blanketing

3 for 180degree
0 for 360degree
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Figure 11 shows the temperature distribution from the center line of the fuel pin to the coolant or FP
gas blanketing region
analyzed by the FUCALF 2700
code. The maximum fuel
temperature is below the
melting point even at the peak
power node (PPN).

Therefore fuel melting due
to FP gas impingement from
adjacent failed fuel pins is
highly unlikely to occur in
Monju.

Fuel melting point
2600

%

1150

|
v

1100 B¥ & g

Fuel-cladding gap
Coolant or FP gas

el
Fuel pellet
Cladding

3.3. Mechanical Load due 1050

to FP Gas

Impingement from
Adjacent Failed Fuel 1000
Pin 0 Gas region(360 degree) R

© Gas region(180 degree) g %

52}

Tempereture (degree C)
53]

e

The main calculation 950
conditions and results for the & Na region(180 degree)

durations of {; and t,

900
0 1 2 3 4
Radial position from the center of fuel (mm)

mentioned in Section 2.2 are
shown in Table 4. Fuel pin
failure due to resonance
oscillation is highly unlikely in
Figure 11. Temperature distribution from the center of fuel

Monju because t, is much
pin during FP gas release form adjacent fuel pins

smaller than t, .

Table 4. Main analytical conditions and results for

4. DISCUSSIONS mechanical fuel pin failure by FUCA code
From all the results mentioned

above in Chapter 3, fuel melting and

mechanical fuel pin failure are highly _Analytical conditions

unlikely. Furthermore no fuel Diameter of fuel pin (d ) [m] 6.5x107
melting occurs even assuming that Sonic velocity (C) [m/s] 2.3%10°
FSRP formation and FP gas Constant ( 3,) [-]
impingement from adjacent failed . o a
fuel pins are superposed. Table 5 and (simp 1y-supp0r.ted end conditions) M
Figure 12 show main calculation Length of fuel pins (unsupported) (1) [m] 3.0X10
conditions and results based on this Mass of fuel pin per unit length (M ) [kg/m] 7.1%X107
assumption. The maximum fuel Elasticity modulus (E) [kg/m/s’] 1.6 10"
temperature is below the melting Moment of inertia (1 ) [m*] 4.1x10™M
point. Analytical results

Th'erefore the core cooling t, [s] 57%10°
capability can be secured even after 5
the fuel cladding failure during t, [s] 6.0 <10

PLOHS event at least at the coolant temperatures of up to 950 degree C.
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Table 5. Main analytical conditions for fuel
pin temperature with FSRP during
FP gas release form peripheral fuel

pins by FUCA code

Axial position of gas blanketing

Core mid-plane

Power density of fuel (W/cm?®) 120(7% of nominal
power)
Linear heat rating (W/cm) 27.6(7% of nominal
power)
0,
Power density of FSRP (W/cm®) 62(')2‘)528 goer?sfif;; !
o,
Thermal conductivity of FSRP coifhf’cgf/itg/ero??illel
Angles for gas blanketing 180,360
(degree)
Released gas temperature 950
(degree C)
FSRP thickness (mm) 0.27(10% of fuel
radius)
Fuel-cladding gap conductance 0.405
(W/em?/degree C) '
Coolant temperature (degree C) 950
Number of axial cells 1
Number of radial cells 16
Fuel pellet 10
Fuel-Cladding gap 1
FSRP 1
Cladding 3
Coolant 1

Number of azimuthal cells

Sectors with gas blanketing

3 for 180degree
1 for 360degree

Sectors without gas
blanketing

3 for 180degree
0 for 360degree

conditions:

2700 -
Fuel melting point
2600
PNV R N N NS

1150 B9 @ ¢ &
o ¥ n] g o
@ = o s
2 W 2 £ =
2 ) 2 |a|l o 5]
1100 g % ® k=
s ? 2|23 3
5 g 8
s g
T
5 1050 a
a a
5
= 2]

1000 O Gas region(360 degree)

o GAS region(180 degree) BB
950 s Na region(180 degree) s 8
900 T T T T
0 1 2 3 4

Radial position from the center of fuel(mm)

Figure 12. Temperaturedistribution from
the center of fuel pin with FSRP
layer of which thickness is 10%
of fuel radius during FP gas
release form adjacent fuel pins

5. CONCLUSIONS

The following three possible mechanisms leading
to degradation of the core were identified to be
scrutinized by a thorough and state-of-the-art
review of open papers on the phenomena
anticipated to occur under cladding failure

(1) Fuel melting due to fuel-sodium reaction product (FSRP) formation,

(2) Thermal transient due to FP gas impingement from adjacent failed fuel pins, and

(3) Mechanical load due to the same FP gas impingement.

All the evaluation models mentioned above have been incorporated into the FUCALF code by
developing needed but missing some methods. Thus a safety assessment methodology after failure of fuel
cladding failure which is applicable to arbitrary SFRs with different fuel and core designs has been

provided in this study.

Furthermore following results were obtained through simulation analyses on each phenomenon
mentioned above using the FUCALF code:

(1) No fuel melting occurs due to FSRP formation,

(2) No fuel melting occurs due to FP gas impingement from adjacent failed fuel pins, and

(3) No mechanical pin failure occurs due to the same FP gas impingement.

Moreover, these are valid at the coolant temperatures of up to 950 degree C. It was therefore concluded
that large safety margins are provided during PLOHS events even in failure of fuel cladding in Monju.
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These results will be effectively used in formulating the safety criteria for SAs or BDBAs as one of the

supporting evidences to be seriously considered.

NOMENCLATURES

A

0O 000

@)

<

T TETATIMO

crit -

— —
|-|-|.._|

%) m_| K @_| i

~ ~ o~
=

=

Flow area of the cladding perforation (m®)
Sonic velocity (m/s)
Equivalent discharge coefficient (-)

Specific heat at constant pressure (J/g/K)
Specific heat at constant volume (J/g/K)

- /y.(i)ﬁ (-)
v+1

Fuel pellet diameter (m)

Elasticity modulus (kg/m/s’)

Latent heat of vaporization (kJ/kg)
Moment of inertia (m®)

Thermal conductivity (W/m/K)
Length of fuel pins (unsupported) (m)
= (U,Pu)

Mass of fuel pin per unit length (kg/m)

Molar mass of gas (kg/mol)

SLADEEN
2

: Gas plenum pressure before fuel pin failure (N/m’)

System coolant pressure at the fission-gas release point (N/m°)

Power density (W/cm®)
Ideal gas constant (J/kg/K)

_R
M g (J/mol/K)

Temperature (K)
Time (s)
Duration of FP gas release under subsonic flow (s)

Time after fuel pin failure (h)

Gas plenum temperature (K)

duration which corresponds to the eigenfrequency of the fuel pin (s)

Sodium temperature at around the cladding defect (degree C)
Duration of FP gas release under supersonic flow (s)

Duration of FP gas release (s)

Time period during which the differential pressure across the fuel pin diameter is maintained (s)
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Vo Volume of gas plenum (m’)
2-x:  O/M ratio of fuel pellet at the beginning (-)
2-y:  O/M ratio of fuel pellet at the chemical equilibrium (-)

Greek Letters
a: Constant ( =5.4x10% in case of T,>675 and =7.1x10® in case of T, <675) (-)

B,:  Constant (=7 for simply-supported end conditions or =4.73 for fixed-end conditions)
C
v Ratio of specific heat at constant pressure and constant volume [ = C_P] )
\

P Density (g/m’)
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