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Improvement of Material Motion Model in SAS4A FBR Safety Analysis Code
- Improvement of the Hydrodynamics and Jamming Model of the Fuel Flow
with Solid Fuel Chunks -

Hajime NIWA*
ABSTRACT

The SAS4A, an FBR safety analysis code, has a material motion model for analysis of post fuel
failure accident progression. This model, named LEVITATE, is a three-velocity field model, and
the third velocity field is assigned for solid chunk fuel component. In the initiating phase of the
ATWS accident of FBR's, which is the subject of the SAS4A, solid fuel chunks generated at the
disruption-type fuel pin failure play an important role in the flow, freezing and jamming of the
molten fuel. Therefore, the chunk model has been improved in this study. Models improved are as
follows:

hydraulics related models;

- friction model between chunks and structure wall,

- drag term between chunks and gas mixture dependent on flow regime,
jamming related models;

- jamming due to increased volume fraction of chunks,

- jamming of large chunks at contraction point,

- jamming due to arch formation at contraction point, and

- break up of jamming due to pressure gradient.

These models have been validated through experimntal analyses of CABRI E13. These models
have also been applied to reactor cases, and their validity has been confirmed, then problems to be
solved in the future have been pointed out.

This model decreases the uncertainty of the boundary conditions to the succeeding transition
phase, thus adoptability of SAS4A to the reactor cases has been very much improved.
Furthermore, the improved SAS4A allows us to investigate the early termination scenario of the
accident which could be highly expected in future FBRs with decreased boid reactivity.

It was agreed upon among PNC, KfK, and CEA to include this model into their next unified
version of SAS4A, which will be called as "SAS4A.REF94".

* O-arai Engineering Center, Safety Engineering Division, FBR Safety Engineering Section
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I mm

CABRI test E13, AC2 located between level 850 and 885 mm/bfc
Fig. 1.2.1 E137 4 v F A VIHHOEHEE
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1. Improvement of the Basic Model

1.1 Drag Term between Chunks and Gas Mixture

If the volume fraction of chunk is large comapred with that of
molten fuel/steel (continuous phase), direct interaction between chunks and
gas mixture should be considered also in bubbly flow regime.

- Original model (Bubbly Flow regime)

Chunk and gas mixture:
drag chunk
DMoMii = C'DMitui (W - uff! ) | ungi - umis | (8.4-154)

. e ..
CD,Mi,lu,i = elu,i PMi,i CIA7 1 ( -& )ClAS CDrag CArea,Mi,lu,i

lu,i ch,i
(8.4-155)
where,
Careamilui =1 - Fareapan,i : fraction of the lateral chunk area in
contact with the gas mixture

Drag term between molten fuel/steel and chunk (bubbly flow)

Chunk and molten fuel:

drag chunk
I‘IMO,gfu,i = C'Dafu;]uyi ( uhr]l;'i-l - u%lll‘:-il ) l ulusi - ufusi | (8'4-181)

Ochop - Om,i
C'D,fu,i,lu,i = elu,i Pfu,i CIA7 . ( chop fu.d )CIAS CDrag CArea,fu,lu,i
Rlu,i echop
(8.4-183) mod. based on the source program of LEFRLU.

Careamin,i = 0 : no drag effect is considered between chunk and gas
mixture

Careafului = 1.0 : drag effect is fully considered between chunk and
molten fuel (or steel)

- Improved Model
Temporary modification (only in bubbly flow regime)
C o Omi,i
Area,mi,lu.i =

OMmi,i + Oru,i + Ose,i

Ofui + Oge,i
OMii + Oru,i + Ose,i

CArea,fu,lu,i =
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1.2 Wall Friction Term

- Original Model :
Only normal friction force is considered.

collision

original model

realistic interaction
between chunks and wall

No friction in bubbly flow regime because chunks are considered to
be suspended in the molten fuel/steel phase.

- Improved Model
Friction should be considered even in bubbly flow regime as follows:

]
friction wall P1u,i
IMModui — =- T
H

(Ui + Augyi ) [oml

flu,i : friction coefficient of the chunks and the wall

This is measured for dry grains and steady flow
( flu,i = 0.01).

See Figures.

- The value of fly,i becomes higher;
if the volume fraction of chunk is large,
if the surface of the piping is rough,
if the surface of the chunk or piping is wet,
if the chunk is accelerated (static friction coefficient is valid).
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- The value of fly,j becomes higher if collision probability increases or free

rotation of each chunk is disturbed. It may increase with higher volume
fraction of chunks.

) A
lu,1 jamming
volume fraction
0.01 of chunk
I Ly
0.6 1.0
fi
.
0.7 1.0 dchunk
Dchannel
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1.3 Chunk Size at Disruption

The diameter of chunks at disruption could be related to the size of the
solid shell at the disruption node.

solidshell

Ie

cavity

1. If one keeps the thickness of the solid shell, one obtains,

disruption
dchunllz = Ipellet - Tcavity -

2. If one keeps the cross sectional area of the solid shell which is cracked
into 8 pieces, one obtains,

2 - di 2
area = 18‘ T ( Tpellet - rcavity2 )=T7 ( Tchunk )

. opdis 2 . 2
"+ Tchunk = ’\/ é (rpellet - Tcavity” )

Original model is based on a similar idea, but gives larger radius than the
above model.

dis, ori
rctlxin(l)(n = '\/( Tpellet - Tcavity ) AL

= '\/( Ipellet - Teavity ) ( 27 r.pel]et/ 8)

If RALUDI (input) is given, chunk radius is fixed to RALUDIL.
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2. Improvement of the Jamming Model

2.1 Maximum Volume Fraction of the Chunks

REGULAR
(like a crystal lattice arrangement)
Uniform Spheres

There are theoretically 6 stable configurations of packing.
porosity : from 47.64 % to 25.95 %

Uniform spheres and inscribed smaller spheres (2 sizes)
There are theoretically 9 stable configurations of packing.
porosity : from 27.10 % to 20.7 %

RANDOM PACKING

Uniform Spheres

Experimental data shows that the porosity of randomly packed

uniform spheres is about 40 to 45 %.

See Fugures. -

Therefore, a realistic upper limit of the chunk's

volume fraction is about 60 %.
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Regular

porosity Packing
(uniform size)

® 1.3 H-HUTFORMETAHKR BEIM (2) Xb

BRSl \mgem | 0 0 6

@) | S & £ T A B R
E[(@) 6 4764 | 90 90 90 I FHHFETA (cubic)
FHib) 8 39.54 90 90 60 IEFIHFETA (orthorhombic)
oy | 12 25.95 | 90 60 60 | ZEHFTA (rhombohedral)
= ((d) 8 39.54 | 90 60 90 | ERHETA
J74(e) 10 30.19 60 60 75°31' | (tetragonal sphenoidal)
ey | 12 25.95 | 60 60 60 | EEHFETA

90;‘ 2
90—

(d)

B 1-43 RREFORTADLES6TE SE3Hk (2) kb
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‘14 MXROHAMFETA BEIH (2) &b

24 BHEHR
aﬁ(e? F i n % ¢ (%]
1 71 1 47.64
MHHFETA 2 0.732ry 1 21.10
3 0.286 74 3 23.43
1 ” 1 39.54
THEITFETA 2 0.5275 74 2 21.79
3 0.189 7 4 20.16
1 r 1 25.95
WiikIETA 2 0.414 7 1 20.7
3 0.2257 2 19.0
rerular N T )
porosity

packing

(a)

V3

(higher order)

(b)
1-45 EFRNFETACIT S 2K s (2) &0

random packing

0.62 7577 S

TT==g ERTA 0.62} TN o BETA
0.601 \ \

W
0.582 1, 0.60~<

|
~ 0'58""""‘\-\-,_'__._ s
BwrETL ° =

0.58f BETA
0.56F \\\
r ! ! 0.56

0 0.1 0.2 0.1 0.2 0.3 0.4
1/(BiinEs) [1/em] 1/(BHoEE) [1/cm]
1-47 REROE 1-48 GRZoms SEXK (2) &Y
column height diameter
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Modelling

- If the volume fraction of the chunks exceeds the maximum value, 0.6, no
more chunks can enter into this cell.

- Although the volume fraction of the chunks exceeds 0.6, molten
fuel/steel, and gas mixture can penetrate into this cell.

- Even if chunk jamming takes place, gas mixture and liquid fuel/steel can
penetrate through the jamming region though losing much momentum
and energy. It is also possible to occur that fuel flow changes to steel
flow by losing fuel mass by freezing (freezing out mainly to chunk, not

to crust). This can be simulated by the three velocity model of
LEVITATE.

Gas mixture
and liquid fuel/
steel can slip
through the
jammed chunks.
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2.2 Jamming by Large Chunks

If the chunk size is comparable with the channel size, chunks are
likely to jam.

Dchannel € dchunk impossible to enter!
Dehannel < 12 - dchunk impossible to enter!
dchunk
V7 dchunk
S

e B
D

Dchannel

channel
- If a chunk cannot rotate freely, it can jam.

- If two (or more ) chunks coalesce each other by freezing, an effective
chunk size becomes larger and jamming occurs. (But it is easily broken.)

freezing
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2.3 Jamming at Contraction Point
- Original Model : Dchannel >> dchunk is implicitly assumed.

Momentum is lost depending on the ratio of channel area reduction.

Ai

ratio of momentum loss =1 -

[powder]

Contraction
point
Aig

- Improved Model

Dchannel > = dchunk

If the chunk size is comparable with the diameter or the size of the
outlet flow channel, chunks form "an arch" (or ""a dome") at the exit and
jam.
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The critical size of jamming is experimentally
measured for dry grains (Langmaid, R. N. and H. E.
Rose, "Arch formation in a Non-cohesive Granular

Material," Journal of the Institute of Fuel, 166 (April
1957)).

If the shape of the outlet is a circle, the critical diameter of forming a
dome and jamming is,

])!:ixl'xnt1 = 8.172 rehunk = 4.1 dehunk , OF d}i:irnr;nk = 0.24 Dchannel-

If the shape of the outlet is a slit, the critical width of forming an
arch and jamming is,

j jam
W‘!:.g‘l = 5.512 rchunk = 2.8 dChunk ’ or dJChunk = 0-36 WChanne].
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Jamming at Contraction Point

Half arch case and full arch case could be considered depending on the
channel geometry.

Half arch case:

If one wall is straight, then a full arch (or dome) cannot be formed.
A half arch (or half dome) could be formed if

Dgh - Dg}‘)n 2 “;' dchunk »
and the channel size is smaller than the critical size as follows:

DYt <L DJ;H 2.1dchunks Or d2™ . > 05D (circle)

Dt < wJC?T = 1.4 dpunks Or dim . >0.71 Dt (slit) .

Full arch case:

If both walls are not straight, a full arch or full Jome could be
formed if

Duill D ut> dchunk ’

and the channel size is smaller than the critical size as follows:

DOt < D™ = 4. 1dcungr Or dim > 0.24 D (circle)

DGRt < Wi = 2.8 depynks of A > 0-36 D' (slit) .

half arch case full arch case
- D, < » DI}
=
: (&
=
20
£ - .
2| D3t | D - DF'> = deunk ™ Dif, - D> depunk
Dt
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Relating to the hydraulic diameter

If the channel size, or effective diameter or width of the channel, can
be related to the hydraulic diameter, critical chunk size can be calculated
from the hydraulic diameter using above correlations.

Single pin geometry:

Pin region: The shape of the channel is like a slit.
The width of the channel at the intact pellet region is just half of DH.

Den = LDy

Disrupted region:
Dch = Dy

Bundle geometry

Pin region: The diameter of the inscribed circle surrounded by three
neighbouring fuel pins is about 0.7 DH.

Dch=0.7 Dy

2
Dy =BT &) o

2
= 0.205 r + 2.205 d; +0.551 %s

D V3

=0.309r+ 1.155 d

)-2r

A
. -. jam
fuel pin r ds | DH | DM |{DM/DH dehunk
[mm] | [mm] | [mm] |} [mm] | [mm] (mm]
Viggen-4 type [3.275| 1 3 22 10.73 0.538
large scale reactor | 425 | 1.2} 3.7 | 2.7 {0.73 0.661

Disrupted region:
D¢y = Dy (DY is about 10 to 20 cm )
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2.4 Jamming of Low-enthalpy Chunk

Difference of chunk distribution at disruption between dundle- and single
pin- geometry should be taken into account.

disruption

fuel chunk

disruption
—

In a single pin geometry, chunks are separated from the molten fuel
at disruption, therefore wall friction effect is dominant in chunk flow.

On the other hand, in a bundle geometry, most of the chunks are
mixed with molten fuel at disruption, though some chunks exist at the
periphery.

This situation means that a 2-dimensional model is needed to
describe momentum and energy transfer in heterogeneous single pin
geometry. (Single pin geometry is much more difficult than bundle

geometry.)

Some considerations are needed at disruption in single pin geometry:
- Friction coefficient is larger in a single pin geometry because
of strong heterogeneous distribution (like "a chunk annular
flow"), or 2-D (r-z) model is needed.
- Direct contact of molten fuel and wall is limited at
disruption.

Therefore, low-enthalpy chunk would not move easily in single pin
geometry.
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2.5 Breakup of Jamming

If a high pressure is applied onto the jamming |
point, the arch could be destroyed.

This must also be modelled within jamming
model, otherwise unrealistic jamming would be
maintained.



2.6 Summary

Framework of the New Jamming Model

(elu: volume fraction of the chunk )

if CJ < 00 this modet i

is neglected.

d illustrati JAMMOD-=1 JAMMOD=2 JAMMOD=3 JAMMOD=4
moce Hlustration { volume fraction model ) ( single pin model ) ( bundle model ) ( parametric model )
I~ * If elu 2 9, (input),
high volume I pin no flow from I toI; - - -
fraction . wan | andif Dy(I*)<Dy(D),
I l no flow from Ito 1.
- ¢ If d;,>0.71D,(1) .or. dyy>0.71D4(1* ) .or. di(17)>Dy(17),
2 bie chunk no flow from Ito17,
& I In the pin region Dy, = J-DH for JAMMOD=2 and 4,
" and Dy, =0.7Dy for JAMMOD=3 D, =Dy in disrupted region.
Y e D)<=ty
racti r If I*is pig region, pin rcgion,> . pin reglon,
o on I dy, 2 0.18Dy(1") dy, Z0.17Dy(17) djy 2 C} Dy(1%)
(e >0.05) . If 1% is dlsrupted region, | disrupted regxon, disrupted reglon,
I dj, = 0.24Dy(1*) dy = 0.24Dy(17) dy, 2 C} Dy(1*)
R A g S If Doy(D)=dy * Dy(1") S Dy(D)-0Sdyy
If 17 is pin region, pin region,> pin reglon>
I dy = 20.35Dy(1*) dy, Z0.35Dy(1%) dyy = C Dy(1")
+ If 1" is dxsrupted reglon, disrupted reglon, disrupted reglon,
I dyy = 0.50Dy(1) dy, 20.50D(1%) djy 22C] Dy(I*)
g:slgu\snon No motion in disrupted -
e
enthalpy region unuld luf exceed <
level EGFU (EGFULQ-EGFUSO)

Breakup of jamming due to high pressure difference is always considered.

( I” : upstream cell of I,

I+

: downstream cell of I )

LEZ-€6 OLY6NL ONd
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3. Improvement of the Freezing Model

3.1 Crust and Chunk Formation Consistent
- with Energy Transfer

The amount of mass transfer (freezing) should be consistent with that of
energy transfer.

- Original Model

Crust is firstly formed, then the residual frozen fuel added to chunk.

- Improved Model

The amount of mass transfer (freezing) should be consistent with
that of energy transfer. For example, if heat transfer from molten fuel to
molten steel is dominant, most amount of the frozen fuel should transferred
to the chunk component (not to the crust component).

Str
Clad GM MS
D A B F
FC |E ] G |gs
chunk

hunk
AmMF—-)crust. AInMF——)c u

¢ : ¢ =(D+E+F+G):(A+B+C)
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32 Freezing of Fuel and Steel at the Edge Node

- Original Model

Freezing of fuel and steel is not allowed in the edge
node (at IFFUTP, IFFUBT, IFSETP, IFSEBT). Therefore
the cold fuel and/or steel below its freezing condition goes
to the fuel/steel chunk component. ’
Problem is that the chunks formed at the edge node can
flow away, thus blockage is not formed. Non-
conservative treatment.

- Model improvement

Freezing out of fuel and steel (crust formation)
should be allowed even in the edge node.



4. Model Verification (using CABRI-II E13)

In order to clarify the effect of each modeling, following cases were performed.

1. BASE:
Fission gas model is used. TDGRLL=0.01 s, TDGRLS=0.1 s
Steel plate-out (steel crust formation) at the edge node is allowed.
FNMELT = 0.3, EGBBLY = 1.084E6 [J/kg] in order to match FNMELT,
CIBBIN=0.7 , CIBBDI=0.2, RALUDI = 0.5 mm, RALUFZ = 0.5 mm,
Dh in the disrupted region is corrected. Failure time is given (TOP 300ms),

no artificial adjustment

LEC-€6 OLY6NL ONd
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DENSITY: effective chunk density (RHFSIN=4000 kg/m3)

SIZE: initial chunk size at disruption is determined based on the cross sectional
area of the solid fuel shell. RALUFZ =0

FRICTION: Blasius's type friction model (f = 3.0)

DRAG : drag term between chunk and gas mixture even in bubbly flow.

FREEZING: fuel freezing to chunk or crust is consistent with energy transfer

STEEL FREEZE: Steel plate-out (steel crust formation) at the edge node is not
allowed (Original model is used, that is, all the frozen steel at edge node goes to

chunk).
8. JAM: jamming model is used (JAMMOD=2)

9. JAM2: 2+3+35
10. INTEGRATED: 2 through6

el

N,

LEC-€6 OLY6NL ONd



Observations

BASE : Initial upward motion is overestimated compared with
experiment. Downward motion from 500 to 700 ms is
underestimated. In 800 ~ 1000 ms, downward motion seems OK
but upward motion is overestimated. (Totally, non-conservative

result)

DENSITY : Volume fraction of chunk fuel is increased thus chunk fuel
occupies channel area (400 ms). Upward motion is slightly
decreased (but difference is unclear).

SIZE : Effect of initial chunk size is not so clc.  {near to 0.5 mm). Effect
of RALUFZ~=0 is apparent at TFC. RALUCH is about (0.1 mm
at TFC, thus molten fuel is cooled down, then switched to steel
annular flow, and cooled down faster and forming chunks.
Friction of the chunk limits the upward motion.

LEC-€6 OLY6NL ONd



FRICTION :

DRAG :

FREEZING :

This model (f=3.0) gives higher friction in bubbly flow while
lower friction in annular flow than original model. Lower
friction due to annular gives faster downward meotion at
~400ms. From 500ms to 700 ms, slower motion in the bubbly
flow region ( upper part of fissile) is apparent. After switching to
annular flow at the edge part (top and bottom), lower friction
gives farther penetration into blanket region.

This model modification is used only in bubbly flow. There is no
clear difference which one can give clear explanation.

Amount of fuel crust in the fissile region is apparently small.
Fuel mass remaining in the center part is nearer to the
experiment. At the edge part just above TFC, fuel crust is
formed similarly with base case.

LEZ-€6 OLY6NL ONd



STEEL FREEZE : If one uses the original model, all the molten steel in UAB region
becomes chunk (not steel crust) at LEVITATE initiation. Lower
steel crust is not formed, though it was formed in the base case
after 700 ms.

JAM : Initial upward motion ( ~ 500 ms) is reduced. Downward motion
is jammed at 800 ms (half arch at contraction point), but it is
released later due to melting of chunk (chunk radius is reduced).
Lower part is conservative, while upper part is still non-
conservative.

JAM2 : Both upward and downward motion is apparently restricted.
Jamming is occurred both at TFC and at the boundary of lower
pin stub (1000 ms).

LEC-€6 OLY6NL ONd



INTEGRATED : This case is JAM2 + FRICTION + FREEZING. Compared with
JAM2, the amount of fuel crust is apparently small. Remaining
fuel mass in the central part is less than JAM2. Jamming at
lower part is similar to JAM2, but upward motion is faster due
to lower friction in annular flow (after 500 ms). However,
jamming at the top node just above TFC clearly suppresses
penetration into the narrow channel. Compared with the base
case, both upward and downward motions are reduced.

LEZ-€6 OLY6NL ONd



5. Concluding Remarks

1. A framework of chunk jamming model has been established and introduced to
SAS4A. Several related modifications were also proposed.

2. Function of each elemental model has been confirmed through above
calculaticns. Although the proposed jamming model is still crude one, obtained
result seems adequate, or at least conservative than the original model.

3. These modifications are concentrated on chunk flow model (momentum
equation). However, above calculations show that effects coming from other
modelings sometimes control the trend of material motion. Further refinement
are necessary in:

- local geometry problem
chunk size, steel and fuel droplet size, bubble size
- treatment of foamy fuel
dynamics of dissolved gas release and bubble size
effective fuel density?

Consistency should be kept among mass, momentum and energy transfer models.

LEC-€6 OLY6NL ONd
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DENSITY

({74}

AXJAL FISSILE HEIGHT

{CM)

AXIAL FISSILE NEIGHNT

[{s"}]

AX1AL FISSILE HEIGHT

E13 300 - 400 MS

—
ol -
“r f

NORMALIZED FUEL MASS

E13 500 - $00 MS

NORMALIZED FUEL MASS

E1) 700 — BOQ KS

=

NORMAL1ZED FUEL MASS

({471}

AXI1AL FISSILE HEIGHT

AJ?

cw

AXIAL FISSILE MEIGHT

cw)

AXIAL FISSILE HEIGHNT

E13 480 - 500 MS

e

11 ?

s
1l
[T
so -
wp
"

E1 N o

A

1 2
NORMALIZED FUEL MASS

E13 700 - 800 MS

LI o
L1 I

SAS4A 600 ~ 700 ms

1 H
NORMALIZED FUEL MASS

E13 800 —-1000 MS

NORMALIZED FUEL MASS




nummmH

«FIRETHAGESUSRORANINGE = N
i ﬁiﬁ}iiiiiiii
ﬁ




ccccc

TOP 500 ms TOP 600 ms TOP 700 ms

£

e o
-
LR 2
o
= e
- w0
oy
-
-
)
r
o 1]

Bilbhia 5 smsppppmsnmprocrerrre oo
Pn“?u 1 T Pt
[-)

0 01 0.2 0. 04 06 0.6 0.7 0.8 09 10
RRRRRRRRRRRRRR




PNC TN9410 93-231
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1. Analytical cases of 600 MWe core (30 Chs.)

Scoping calculations of large scale reactors with higher void reactivity
600 MWe core : Axial fissile height = 1 m, Max. void reactivity = $4.4,
Doppler coefficient = -9.46 x 10-3 [T dk/dT],
T2 = 5.5 sec, diameter of pin = 8.5 mm (annular),
217 pins x 248 subassemblies, 3 batches
30 SAS channels
Neutronics data was prepared by DIF3DS/SAS3D iterative

calculation

BASE: Jamming model is not used.

JAM1: Chunk jamming due to high volume fraction (60%) is taken into
account (JAMMOD=1). Breakup of jamming is not taken into
account.

JAM3: Chunk jamming at contraction point etc. are considered.
(JAMMOD=3) Breakup of jamming is not taken into account.

LOWEQOFF: JAM3 but jamming due to low-enthalpy chunk is omitted.

JAMBREAK: LOWEOFF and breakup of jamming is taken into account.
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A: Address
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SAS Channeling
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2. Results of base case and other cases

BASE case results:
time [s] power [Po] Pnet PDop Pdens Pcool Pfuel Tf.ave [K]
boiling 14.21 0.996 -0.007 -0.220 -0.091 0.290 0 1660
1st fail. 16.195 16.2 0.827 -1.013 -0.223 2.036 0 2397
peak power 16.259 40.3 0.919 -1.135 -0.229 2.253 -0.094 2575
1st PLUTO 16.286 19.9 0.812 -1.188 -0.232 2.377 -0.353 2659
final step 16.381 3.7 -0.008 -1.147 -0.235 3.339 -2.573 2683

(1) at 1st failure (Ch.3)

(2) 90ms after failure Effective fuel dispersal in the leading SA's (Ch.3,
Ch.1) reduces pnet. But chunk sweepout is observed in Ch.1. Note
that peak power (40 Po) in the leading channels corresponds to 4
kJ/g/s and 0.2 kJ/g is injected from failure to +70 ms, which is less
than CABRI-1 BGS4 case.

(3) Non-energetic sequence seems to be transferred to the transition phase
with remaining sodium-rich region at core periphery. But the fuel
configuration in the UAB region may not true because of the excessive

chunk sweepout.
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Other cases are compared with BASE case.
Net reactivity
Power
Fuel motion reactivity
Core average fuel temperature

JAMI1 case (jamming if volume fraction of chunk exceeding 60%)

Fuel dispersal is slower than BASE case, but chunk penetration is still
observed.

JAM3 case (JAMMOD=3, no breakup of jamming)

Fuel dispersal is much delayed than JAM1 because of jamming of low-
enthalpy fuel. This leads to rather high burst (max is 300 Po), and
core average temperature reaches 3000 K.

In a reactor case, solid fuel shell at disruption is sufficiently below
solidus Ievel because of no flux depression. However, chunks are
embedded in molten fuel in bundle geometry. Therefore it could be
thought that chunks can move from the beginning of disruption.
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LOWEOFF case (JAM3 but low energy chunk jamming is off)
Initial fuel dispersal is successfully done, but jamming restricts
continuous fuel dispersal then finally causes rather high burst similar

to JAM3.
Channel 4 is a typical channel of jamming. Its channel pressure at 16.32

s is more than 30 bars, therefore breakup of jamming could be
expected.

JAMBREAK case (LOWEOFF + breakup of jamming if AP > 20 bars)
Breakup of jamming is predicted at 16.32 s in Ch.4, and also in other
Channels. This allows fuel dispersal again, thus the second burst has

disappeared.
Fuel dispersal in Ch. 4 is compared with that in LOWEOFF case. Chunk

sweepout in JAMBREAK case may be excessive.
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3. Concluding Remarks

In a reactor case, channel area is smaller than in CABRI geometry, and
chunk temperature is lower than in CABRI case. Therefore, chunk
flow and its jamming behavior should be treated more carefully in a
reactor case.

If a severer jamming is postulated, void reactivity insertion leads to
increase net reactivity up to ~ 1§. However, higher power introduces
higher Doppler reactivity insertion rate (negative), thus total energy
release could be limited.

o
Doppler reactivity PDop = Dop | In I%

Beff . Tf

: o

insertion rate Ppop = —2°8 . %f

Bete f

: P Po]- N 1

Fuel temp. increase rate  Ty= ower[Po] - Normalpower(J/s] [K/s]

Mass[kg] - Cp[J/kg/T]
. Doppler insertion rate is roughly estimated, ﬁ)Dosz.l x Power [$/s]
. if P=100P,, p,,. ~ —10 $/s (£ 50 %)
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