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T Temperature K 
Ta Average temperature K 
Tcc Temperature of cladding center K 
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DEFORM-4:	STEADY-STATE	AND	TRANSIENT	PRE-FAILURE	PIN	BEHAVIOR	

8.1 Overview	and	General	Background	

8.1.1 Objectives,	General	Background,	and	General	Physical	Description	
The	 response	of	 LMFBR	 fuel	pins	 to	 transient	 accident	 conditions	 is	 an	 important	

safety	 concern.	For	 transients	 leading	 to	pin	 failure,	 the	 failure	modes	and	 initial	 fuel	
disruption	 depend	 in	 part	 on	 pre-transient	 irradiation	 effects,	 such	 as	 restructuring,	
fission-gas	retention,	fuel-cladding	gap,	central	void	size	and	makeup.	As	the	transient	
fuel-pin	 models	 develop,	 an	 increasingly	 rigorous	 pre-transient	 fuel-pin	
characterization	of	the	fuel	pin	is	also	required.	For	this	reason,	an	effort	has	been	made	
to	 integrate	 a	 detailed	 treatment	 of	 the	 pre-transient	 fuel-pin	 characterization	 into	
SAS4A.	 At	 the	 same	 time,	 an	 attempt	 has	 been	 made	 to	 assure	 that	 the	 models	 are	
consistent	with	the	transient	calculation	and,	where	possible,	to	develop	models	in	such	
a	manner	that	they	can	be	used	in	both	the	pre-transient	and	transient	calculations.	

Because	 the	 phenomena	 affecting	 fuel-pin	 integrity	 are	 not	 all	 well	 understood,	
most	performance	codes	use	one	of	two	methods	to	predict	the	pin	characterization:	(1)	
empirical	 correlations	 derived	 from	 a	 data	 base	 of	 experimentally	 determined	
information,	 or	 (2)	 a	 phenomenological	 description	 of	 the	 process	 that	 contains	
parameters	that	need	to	be	calibrated	to	experiments	or	the	information	data	base.	Care	
must	 be	 exercised	 with	 both	 approaches,	 but	 especially	 with	 the	 former	 method,	
because	 unrealistic	 values	 can	 be	 obtained	 if	 the	 pin	 conditions	 fall	 outside	 the	
correlation	database.	In	the	phenomenological	(or	mechanistic)	approach	the	attempt	is	
made	 to	model	 the	 physical	 process	 taking	 place	 and	 then	 calibrate	 this	 to	 available	
data.	 Since	 the	 model	 attempts	 to	 describe	 the	 physical	 processes,	 it	 is	 possible	 to	
extrapolate	 the	 response	 to	 conditions	 outside	 the	 calibration	data	 base	with	 greater	
assurance	 than	 with	 the	 correlation	 approach.	 It	 was,	 therefore,	 decided	 that	 this	
mechanistic	approach	would	be	adopted	wherever	possible	in	the	DEFORM-4	module	of	
SAS4A.	

This	 approach	 is	 different	 from	 that	 used	 by	 earlier	 versions	 of	 the	 SAS	 codes	
[8-1	 -	8-4].	The	 former	versions	contained	a	very	brief	steady-state	calculation	of	one	
time	 step	 at	 constant	 power	 and	 used	 correlations	 to	 determine	 the	 parameters	
necessary	 to	 start	 the	 transient	 calculation.	 The	 DEFORM-4	 module	 simulates	 the	
pre-transient	 irradiation	with	 a	 series	 of	 power	 changes	 and	 power	 levels	 of	 various	
time	lengths.	This	provides	the	means	to	account	for	the	reactor	operating	history	and	
its	effect	on	the	physical	state	of	the	fuel	pin,	and	leads	to	a	more	realistic	description	of	
the	fuel	pins	subjected	to	the	transient.	

The	pin	is	divided	into	a	number	of	axial	segments	(£24)	of	arbitrary	length.	If	either	
the	PLUTO2	or	LEVITATE	failed	pin	modeling	is	used,	then	there	will	be	restrictions	on	
the	"arbitrariness"	of	these	lengths	(see	Chapters	14	and	16).	The	fuel	and	cladding	are	
assumed	to	occupy	the	same	axial	segment.	Figure	8.1-1	shows	an	example	of	the	axial	
and	 radial	 discretization	 for	 a	 fuel	 pin	 with	 an	 upper	 fission-gas	 plenum.	 The	
DEFORM-4	module	 is	concerned	with	 the	axial	region	containing	the	driver	 fuel,	axial	
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blankets,	and	the	fission-gas	plenum.	The	core	region,	i.e.,	driver	and	axial	blanket	fuel	
segments,	 is	 shown	 in	 Figure	 8.1-2.	 Illustrated	 are	 the	 three	 fuel-cladding	 gap	
conditions	 considered:	 (1)	 no	 contact	 between	 the	 fuel	 and	 cladding,	 (2)	 the	 fuel	
elastically	straining	the	cladding,	and	(3)	the	fuel	plastically	straining	the	cladding.	Also	
illustrated	is	a	central	cavity	that	formed	in	the	hotter	regions	of	the	driver	fuel.	

The	fuel	in	an	axial	segment	is	divided	into	a	series	of	radial	cells	(£11).	The	radial	
cell	boundaries	may	be	determined	on	the	basis	of	equal	mass	in	each,	except	the	inner	
and	outer	cells	which	contain	half	the	mass	of	a	regular	cell,	or	with	each	cell	thickness	
being	 equal,	 again	 except	 for	 the	 inner	 and	 outer	 cell	 which	 have	 half	 the	 nominal	
thickness	 (see	 Figure	 8.1-3).	 The	 cladding	 is	 divided	 into	 two	 radial	 cells.	 The	
relationship	between	 the	general	SAS4A	cell	 structure	and	 temperature	 locations	and	
those	 used	 in	 DEFORM-4	 is	 indicated	 in	 Figure	 8.1-4.	 In	 the	 fuel	 region,	 the	
temperatures	 used	 by	 some	 DEFORM-4	 calculations	 (refer	 to	 the	 specific	 models	
described	below)	are	obtained	by	averaging	the	two	SAS4A	temperatures	on	either	side	
of	the	radial	cell	boundary.	Where	the	property	being	considered	is	an	average	over	the	
annular	 cell,	 such	 as	 porosity,	 modulus	 of	 elasticity,	 conductivity,	 etc.,	 the	 actual	
temperatures	calculated	by	the	thermal	models	in	SAS4A	are	used.	
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Figure	8.1-1.	Schematic	of	SAS4A	Channel	Discretization	
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Figure	8.1-2.	DEFORM-4	Axial	Segmentation	with	Possible	Fuel-cladding	Interactions	



	 DEFORM-4:	Steady-State	and	Transient	Pre-Failure	Pin	Behavior	

ANL/NE-16/19	 	 8-5	

 
Figure	8.1-3.	Radial	Cell	Construction	Options	
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Figure	8.1-5.	DEFORM-4	Mechanical	and	Phenomenological	Considerations	and	Their	

Interactions	
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A	 number	 of	 phenomena	 are	 treated	 in	 the	 pre-transient	 irradiation	 calculation.	
These	 are	 shown	 in	 Figure	 8.1-5.	 Detailed	 descriptions	 are	 given	 in	 the	 following	
sections,	but	a	brief	outline	is	presented	here.	These	major	models	include:	

1. As-fabricated	 porosity	 migration	 by	 vapor	 transport	 (Section	 8.3.1),	
which	is	responsible	for	the	formation	of	the	central	void	and	provides	a	
radial	 distribution	 of	 the	 remaining	 as-fabricated	 porosity	 that	 affects	
thermal	conductivity;	

2. Grain	growth	(Section	8.3.2),	which	affects	the	fission-gas	release	and	fuel	
creep	characteristics;	

3. Fission-gas	release	(Section	8.3.3),	which	affects	the	radial	distribution	of	
total	porosity	and	fission-gas-bubble-induced	fuel	swelling;	

4. Fission-product	 swelling	 (Section	 8.3.4),	 which	 includes	 solid	 fission	
product	 and	 fission-gas	 bubble	 swelling,	 and	 affects	 the	 radial	 porosity	
profile	and	fuel	dimensions;	and	

5. Irradiation-induced	 cladding	 swelling	 (Section	 8.3.5),	 which	 affects	 the	
cladding	dimensions	and	density.	

Since	 the	 transient	 calculation	 covers	 seconds	 and	minutes	 rather	 than	 days	 and	
years,	 as	 in	 the	 pre-transient	 irradiation,	 the	 phenomena	 listed	 above	 are	 not	
considered,	 except	 for	 the	 fission-product	 swelling.	 Transient	 fission-gas	 release	 is	
assumed	 to	 occur	 only	 on	 fuel	 melting	 and	 is	 treated	 in	 the	 molten	 cavity	 routine,	
Section	8.3.7.		

The	thermoelastic	mechanical	calculations	for	the	fuel	and	cladding	are	identical	in	
both	 the	 pre-transient	 and	 transient.	 The	 cladding	 is	 treated	 as	 an	
elastic-perfectly-plastic	 material,	 although	 one	 of	 the	 options	 for	 the	 flow	 stress	 is	
dependent	 on	 strain	 and	 strain	 rate,	 and	 this	 introduces	 a	 type	 of	 work-hardening	
effect.	In	addition,	the	cladding	is	allowed	to	plasticly	creep	in	response	to	temperature	
and	stress	conditions.	Axial	and	radial	deformations	result	from	thermal	expansion	and	
mechanical	 interactions.	The	effects	of	fuel-cladding	interaction	are	also	considered	in	
the	fission	product	swelling	calculation.	

The	fuel	is	allowed	to	crack	radially	whenever	the	circumferential	stress	exceeds	the	
temperature-dependent	fracture	strength.	The	crack	volume	varies	due	to	thermal	and	
swelling	effects.	In	the	transient,	the	volume	associated	with	the	cracks,	the	fission	gas,	
and	 the	 remaining	 as-fabricated	 porosity	 can	 be	 important	 in	 accommodating	 the	
thermal	expansion	on	melting	and	determining	the	molten	cavity	pressure.	

Fuel-pin	failure	can	be	initiated	by	a	number	of	criteria.	These	include	the	following;	
1. Time,		
2. Fuel	temperature,		
3. Melt	fraction,		
4. Molten	cavity	pressure,		
5. Cladding	stress,		
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6. Eutectic	penetration	for	U-5FS	fuel,	
7. Cladding	 reaching	 conditions	 equivalent	 to	 PLUTO2/LEVITATE	 failure	

propagation	model,	
8. Eutectic	penetration	with	cladding	stress	for	metal	fuel	gauge,	
9. Melt	fraction	for	time	and	failure	propagation	for	location.	

Also	 included	 are	 a	 number	 of	 life-fraction	 correlations	 based	 on	 Larson-Miller	 and	
Dorn	parameters,	but	these	have	not	been	tied	into	the	automatic	failure	initiation.	The	
use	 of	 these	 to	 initiate	 failure	 is	 through	 observation	 of	 the	 life	 fractions	 and	 then	
selection	of	a	time	and	location	to	be	used	in	a	subsequent	restart	calculation.	

8.1.2 Interaction	with	other	SAS4A	Models	
Because	 the	 DEFORM-4	 module	 performs	 all	 the	 fuel-pin	 characterization	 and	

mechanics	calculations	for	SAS4A,	it	must	be	capable	of	exchanging	data	with	the	rest	of	
the	code.	This	is	done	through	the	use	of	COMMON	blocks	accessible	by	other	modules.	
In	 the	 pre-transient	 and	 pre-failure	 transient	 calculations,	 DEFORM-4	 communicates	
with	 the	 thermal	hydraulic	models	 in	SAS4A	and	PINACLE.	Once	 failure	has	occurred	
and	CLAP,	 PLUTO2,	 or	 LEVITATE	become	 activated,	DEFORM-4	 is	 no	 longer	 used	 for	
that	channel,	but	still	performs	the	calculations	for	any	remaining	unfailed	channels.	

In	 the	 initiation	 of	 CLAP,	 LEVITATE,	 or	 PLUTO2,	 the	 main	 responsibility	 of	
DEFORM-4	is	to	assure	that	the	necessary	information	is	available	for	these	modules	to	
continue	the	calculation.	If	the	user	has	so	specified	by	appropriate	input	options,	then	
DEFORM-4	will	determine	when	the	failure	has	occurred	and	initiate	the	activation	of	
the	 appropriate	 module	 for	 fuel	 motion.	 If	 it	 is	 not	 being	 used,	 failure	 can	 still	 be	
initiated,	but	important	parameters,	such	as	fission	gas	distributions	and	molten	cavity	
pressures,	will	not	be	available	 for	PLUTO2	and	LEVITATE.	This	will	cause	significant	
problems	in	the	computations	carried	out	by	these	modules.	The	CLAP	module	does	not	
depend	 on	 DEFORM-4	 results	 in	 its	 calculations	 for	 cladding	 motion,	 except	 for	 the	
initial	pin	dimensions.	

The	main	communication	with	the	rest	of	SAS4A	on	an	interactive	basis	is	through	
the	 core	 temperatures	 and	 pressures	 supplied	 by	 the	 thermal	 hydraulic	 models	 and	
then	the	radii,	axial	lengths,	porosity	distributions	which	affect	thermal	conductivities,	
and	 gap	 conductances	 which	 are	 returned	 from	 DEFORM-4.	 In	 order	 to	 avoid	
time-consuming	 iterations	between	the	thermal	hydraulic	models	and	DEFORM-4,	 the	
calculations	 are	 performed	 serially.	 The	 thermal	 hydraulic	 models	 use	 the	 geometry	
they	have	at	the	beginning	of	a	time	step	with	the	power,	flow,	and	time-step	length	to	
determine	 temperatures	 at	 the	 end	 of	 the	 time	 step	 (see	 Chapter	 3).	 These	 final	
temperatures	 and	 the	 initial	 temperatures	 are	 then	used	by	DEFORM-4	 to	 determine	
the	 thermal	 mechanical	 changes	 that	 take	 place	 during	 the	 same	 interval.	 The	 new	
conditions	 are	 then	 transferred	 back	 to	 the	 thermal	 hydraulic	 routines	 as	 the	 initial	
conditions	for	the	next	time	step.	

This	 method	 of	 interaction	 with	 the	 SAS4A	 thermal	 hydraulic	 models	 has	 been	
employed	 to	 avoid	 the	 resource-consuming	 iterations	 that	 could	 occur	 between	 the	
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thermal	 hydraulic	 and	 pin	 characterization	 routines.	 These	 iterations	 would	 assure	
complete	 consistency	between	 the	 temperatures	and	 the	 characterization	 state	of	 the	
pin,	but	at	a	price	 in	computational	effort	 that	would	preclude	the	use	of	 the	code	for	
many	of	the	multiple	channel,	extended	pre-transient	and	transient	cases	of	interest	in	
initiating-phase	accident	analysis.	Instead	of	iterations,	there	is	control	over	the	length	
of	 the	 computational	 time	 step.	 In	 the	 early	 pre-transient	 irradiation	 where	 pore	
migration	 and	 initial	 fission-gas	 release	 cause	 changes	 in	 the	 geometry	 and	
heat-transfer	properties	 that	would	greatly	 affect	 the	 temperatures,	 time	 intervals	on	
the	order	of	one	to	two	days	should	be	used.	During	power	changes	it	may	be	necessary	
to	cut	these	further,	especially	during	the	initial	startup	to	full	power.	In	later	stages,	the	
time	steps	can	be	on	 the	order	of	10	 to	30	days.	During	 the	 transient	where	 the	 time	
steps	 are	 controlled	 by	 a	 variety	 of	 restrictions,	 such	 as	maximum	 reactivity	 change,	
maximum	temperature	change,	etc.,	 the	heat-transfer	 time	steps	are	small	enough,	on	
the	 order	 of	 less	 than	 a	 second,	 to	 remove	 any	 problems	 with	 inconsistencies.	
DEFORM-4	would	be	able	to	handle	considerably	longer	time	steps	without	problems.	
In	 practice,	 these	 types	 of	 limits	 have	 resulted	 in	 excellent	 results	 with	 minimum	
computational	effort.	

8.2 Fuel-pin	Mechanics	
In	the	treatment	adopted	in	DEFORM-4,	the	fuel	pin	in	an	axial	segment	is	divided	

into	6	radial	zones,	not	all	of	which	need	exist.	These	are	(1)	 the	central	void,	 (2)	 the	
molten	fuel	zone,	(3)	the	solid,	continuous	fuel	zone,	(4)	the	cracked	fuel	zone,	(5)	the	
fuel-cladding	 gap,	 and	 (6)	 the	 fuel-pin	 cladding.	 The	 zones	 are	 illustrated	 in	 Figure	
8.2-1.	 Each	 zone	may	 consist	 of	 one	 or	more	 cells.	 These	 zones	 will	 be	 explained	 in	
detail	in	the	following	sections.	

The	approach	used	is	to	divide	the	calculation	into	the	thermoelastic	solution,	and	
then	 superimpose	 on	 this	 the	 plastic	 deformation	 resulting	 from	 fuel	 swelling	 or	
cladding	stress	induced	plastic	creep	and	irradiation	swelling	

stheT eeee ++= 	 (8.2-1)	

where	
ϵ*	 =	 Total	strain	at	the	cell	boundary	

ϵ<	 =	 Elastic	strain	from	applied	boundary	forces	

ϵAB	 =	 Thermal	expansion	induced	strain	

ϵD	 =	 Swelling	strains	from	the	solid	and	volatile	fission	products	in	the	fuel,	or	
irradiation	 induced	 void	 formation	 and	 stress	 induced	 plastic	 creep	 in	
the	cladding.		

These	terms	are	discussed	in	the	following	sections.	
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Figure	8.2-1.	DEFORM-4	Radial	Zones	
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The	cladding	is	assumed	to	be	an	elastic-perfectly-plastic	material.	Several	functions	
are	 available	 as	 options	 to	 provide	 the	 flow	 stress	 of	 the	 cladding.	 Once	 the	
fuel-cladding	 interface	 pressure	 produces	 a	 circumferential	 stress	 exceeding	 the	 flow	
stress,	the	interface	pressure	is	limited	to	that	necessary	to	achieve	the	flow	stress	and	
the	 cladding	 will	 follow	 the	 fuel	 deformation	 until	 the	 conditions	 bring	 the	 cladding	
back	 into	 the	 elastic	 behavior	 region.	 One	 of	 the	 options	 for	 flow	 stress	 includes	 the	
effects	of	previous	 strain,	 strain	 rate,	 temperature,	 and	 irradiation	history.	When	 this	
option	 is	used,	 the	 flow	stress	changes	as	 these	parameters	change,	providing	a	work	
hardening	and	strain-rate	dependence.	Besides	this	perfectly	plastic	behavior,	there	is	
plastic	creep	of	the	cladding	at	conditions	below	the	flow	stress.	This	strain	is	calculated	
and	added	to	the	accumulated	strain.	

8.2.1 Solid	Fuel	and	Cladding	Thermoelastic	Solution	
In	 the	solid	 fuel	and	cladding,	 the	material	 is	assumed	to	be	continuous,	 isotropic,	

elastic,	and	axisymmetric.	Because	of	the	axisymmetry,	all	shear	stresses	and	strains	are	
assumed	to	be	zero.	The	generalization	of	Hooke's	Law	to	three	dimensions	is	used	to	
provide	 the	 linear	 elastic	 relationship	 between	 the	 stresses	 and	 strains.	 The	 thermal	
expansion	 strains	 are	 included	 through	 the	 principle	 of	 superposition	 of	 linear	
equations.	 These	 considerations	 therefore	 yield	 the	 following	 set	 of	 constitutive	
equations.	

( )[ ] ( )T
E zrr assnse q D++-=
1

	
(8.2-2)	

( )[ ] ( )T
E zr assnse qq D++-=
1

	
(8.2-3)	

( )[ ] ( )T
E rzz assnse q D++-=
1

	
(8.2-4)	

Δ αT( )=α T
2( ) T2 −Tr( )−α T1( ) T1−Tr( ) 	 (8.2-5)	

where	
ε*, εN, εO	 =	 Strain	in	the	radial,	circumferential,	and	axial	directions,	respectively	

σ*, σN, σO	 =	 Stress	in	the	radial,	circumferential,	and	axial	directions,	respectively	

υ	 =	 Poisson's	ratio	for	the	material	

α(T)	 =	 Mean	linear	thermal	expansion	coefficient	

𝐸	 =	 Modulus	of	elasticity	
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𝑇X, 𝑇Y	 =	 Temperature	at	the	final	and	initial	states,	respectively,	

𝑇Z	 =	 Reference	temperature	

The	strains	are	related	to	the	displacements	through	geometrical	considerations.	In	
the	 cylindrical	 coordinate	 system	 used	 in	 SAS4A,	 these	 kinematic	 equations	 are	 as	
follows:	

dr
du

r =e
	

(8.2-6)	

q
eq d

dv
rr

u 1
+=

	
(8.2-7)	

dz
dw

z =e
	

(8.2-8)	

where	
𝑢	 =	 Displacement	in	the	radial	direction	r	

𝜐	 =	 Displacement	in	the	circumferential	direction	θ	

𝑤	 =	 Displacement	in	the	axial	direction	z	

Since	 material	 is	 assumed	 to	 be	 axisymmetric,	 there	 is	 no	 variation	 of	 v	
circumferentially,	so	Eq.	8.2-7	reduces	to	

r
u

=qe
	

(8.2-9)	

In	 order	 to	 be	 able	 to	 obtain	 simple	 analytical	 solutions	with	 the	 above	 equations,	 a	
generalized	 plane	 strain	 approximation	 has	 been	 employed.	 Each	 axial	 segment	 is	
assumed	 to	 elongate	 uniformly	 over	 the	 cross	 section	 to	 maintain	 a	 plane	 interface	
between	segments.	Equation	8.2-8	can	therefore	be	rewritten	as	

oz z=e 	 (8.2-10)	

where	
𝑧g	 =	 Axial	plane	strain	for	the	segment	

Since	the	cells	under	consideration	are	assumed	to	be	at	rest,	with	no	shear	stresses,	
mechanical	considerations	provide	the	following	equation	of	equilibrium.	
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0=-
+

rdr
d rr qsss

	
(8.2-11)	

Equations	 8.2-2	 through	 8.2-6,	 and	 8.2-9	 through	 8.2-11	 form	 the	 set	 of	 equations	
solved	by	DEFORM-4	for	the	thermoelastic	response.	Equation	8.2-10	is	substituted	into	
8.2-4	and	this	is	solved	for	the	axial	stress,	σz.	This	result	is	then	substituted	along	with	
Eqs.	8.2-6	and	8.2-9	in	Eqs.	8.2-2	and	8.2-3	to	yield	

σ r =
E

1+ν( ) 1− 2ν( )
1−ν( ) du

dr
+ν

u
r
+νzo − 1+ν( )Δ αT( )

#

$%
&

'( 	
(8.2-12)	

σθ =
E

1+ν( ) 1− 2ν( )
ν
du
dr
+ 1−ν( ) u

r
+νzo − 1+ν( )Δ αT( )

#

$%
&

'( 	
(8.2-13)	

The	 stresses	 are	 expressed	 in	 terms	 of	 the	 radial	 displacement	 function	 u(r).	 When	
these	 equations	 are	 used	 in	 the	 equilibrium	 Eq.	 8.2-11,	 the	 following	 is	 obtained,	
assuming	the	modulus	of	elasticity,	E,	is	constant	over	the	region	of	interest.	The	value	
for	the	modulus	of	elasticity	is	the	mass-weighted	average	of	all	those	cells	in	this	zone.	

1
r
d
dr

r du
dr

!

"
#

$

%
&−

u
r2
=
1+ν( )
1−ν( )

d
dr

Δ αT( ))* +,
	

(8.2-14)	

The	solution	to	this	differential	equation	may	be	obtained	as	

u r( )= 1+ν
1−ν
"

#
$

%

&
' r I r( )+C1 r+

C2
r 	

(8.2-15)	

where	
𝐶Y, 𝐶X	 =	 Constants	of	integration	

The	function	I(r)	is	defined	as	

I r( )= 1
r2

Δ αT( ) "r
ρ

r

∫ d "r
	

(8.2-16)	

where	
𝜌	 =	 Inner	radius	of	the	zone	under	consideration	

If	Eq.	8.2-15	is	used	to	rewrite	Eqs.	8.2-12	and	8.2-13,	the	radial	and	circumferential	
stresses	as	functions	of	r,	C1,	and	C2	may	be	obtained.	
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σ r r( )
E

=−
I r( )
1−ν( )

+
1

1+ν( ) 1− 2ν( )
C1−

1− 2ν( )C2
r2

+νz0
"

#
$

%

&
'
	

(8.2-17)	

σθ r( )
E

=
I r( )
1−ν( )

+
1

1+ν( ) 1− 2ν( )
C1−

1− 2ν( )C2
r2

+νz0
"

#
$

%

&
'−

ΔαT
1−ν( )

)

*
++

,

-
..
	

(8.2-18)	

The	constants	of	integration,	C1	and	C2,	may	be	determined	by	the	following	boundary	
conditions:	

σ r r = ρ( )=σρ 	 (8.2-19)	

σ r r =η( )=ση 	 (8.2-20)	

where	
𝜂	 =	 Outer	radius	of	the	zone	under	consideration	

𝜎p	 =	 Stress	at	the	inner	surface	of	the	zone	

𝜎q	 =	 Stress	at	the	outer	surface	of	the	zone	

For	 the	 fuel,	 ρ	 and	 η	 would	 correspond	 to	 the	 inner	 solid	 and	 outer	 uncracked	 cell	
boundaries,	 respectively.	 For	 the	 cladding,	 they	 would	 correspond	 to	 the	 inner	 and	
outer	surfaces,	respectively.	

The	constants	may	then	be	determined	by	substituting	Eqs.	8.2-19	and	8.2-20	into	
Eqs.	8.2-17	and	8.2-18	and	solving	them	simultaneously	for	C1	and	C2.	

C1=
1+ v( ) 1− 2v( )
η2 −ρ2( )

I η( )η2

1− v( )
−
1
E
ρ ρ2σρ −η

2ση( )
"

#
$
$

%

&
'
'
− vzo

	
(8.2-21)	

C2 =
1+ν( )ρ2η2

η2 −ρ2( )
I η( )
1−ν( )

−
σρ −ση( )
E

"

#
$
$

%

&
'
' 	

(8.2-22)	

These	constants	may	then	be	used	 in	Eqs.	8.2-15,	8.2-17,	and	8.2-18	to	determine	the	
radial	 displacement	 and	 stresses	 due	 to	 externally	 applied	 forces	 and	 thermal	
expansion.	
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u r( )=uf r( )+uth r( ) 	 (8.2-23)	

uf r( ) = Elastic displacement due to externally applied stress σρ andση

=
1+ν( )

η2 −ρ2( )E
η2ση 1− 2ν( )r+ ρ

2

r
"

#
$

%

&
'−ρ

2σρ 1− 2ν( )r+η
2

r2

"

#
$

%

&
'

(
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+
,
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−νzo

f r
	

(8.2-24)	

uth r( ) = Displacements due to thermal expansion

=
1+ν
1−ν
"

#
$

%

&
' r I r( )+

I η( )η2

η2 −ρ2( )
1− 2ν( )r+ ρ

2

r
(

)
*

+

,
-

.
/
0
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2
3
0

40
−νzo

th r

	

(8.2-25)	

where	zo	has	been	divided	into	its	thermal	and	boundary	force	components,	
th
oz and	

f
oz

respectively	(see	Section	8.2.4).	
The	 stresses	 are	 similarly	 divided	 into	 their	 thermal	 and	 externally	 applied	 force	

components.	

σ r r( )=σ r
f r( )+σ r

th r( ) 	 (8.2-26)	

σ r
f r( ) = Radial stress from externally applied forces

=
1

η2 −ρ2( )
η2ση 1− ρ

2

r2

"

#
$

%

&
'−ρ2σρ 1−η
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(8.2-27)	

σ r
th r( ) = Radial stress from thermal expansion

=
E

1−ν( )
η2 I η( )
η2 −ρ2( )

1− ρ
2

r2

"

#
$

%

&
'− I r( )
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,
-
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(8.2-28)	

( ) ( ) ( )rrr th
r

f
r sssq == 	 (8.2-29)	

σθ
f r( ) = Circumferential stress from externally applied forces

=
1

η2 −ρ2( )
η2ση 1+ ρ

2
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(8.2-30)	
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σ r
th r( ) = Circumferential stress from thermal expansion

=
E

1−ν( )
η2 I η( )
η2 −ρ2( )

1+ ρ
2

r2

"

#
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&
'+ I r( )−Δ αT( )
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(8.2-31)	

Throughout	 the	derivation	 given	 above,	 only	 the	 thermal	 components	 contain	 the	
explicit	reference	to	a	change	from	one	state	to	another,	 i.e.,	reliance	on	temperatures	
T2	and	T1	of	Eq.	8.2-5.	All	the	force	components	are	based	on	a	change	from	a	zero	stress	
state	to	some	state	created	by	the	imposition	of	the	external	force	boundary	conditions.	
In	 the	 calculational	 procedure	 used	 in	 SAS4A,	 there	 are	 a	 series	 of	 time	 steps	 with	
different	 conditions	 at	 the	 beginning	 and	 end	 of	 the	 step.	 As	 mentioned	 above,	 the	
SAS4A	thermal	hydraulic	 routines	generate	 temperatures	at	 the	beginning	and	end	of	
the	time	step	and	then	DEFORM-4	determines	the	changes	in	dimensions,	stress	state,	
and	 characterization	 that	 occur	 during	 the	 time	 step.	 In	 order	 to	 use	 this	 natural,	
incremental	approach,	Eqs.	8.2-24,	8.2-27,	and	8.2-30	must	be	changed	to	represent	the	
changes	from	the	beginning	of	the	time	step	to	the	end.	

Equation	8.2-27	gives	the	radial	stress	state	set	up	by	the	externally	applied	stresses	
ση	and	σρ	when	the	material	was	initially	in	an	unstressed	condition.	If	a	different	set	of	
conditions	existed,	then	a	different	stress	state	is	set	up.	The	change	from	one	state	to	
the	 next	 can	 be	 found	 by	 using	 Eq.	 8.2-27	 twice,	 once	 with	 each	 external	 stress	
boundary	condition,	and	then	subtracting.	

Δσ r,i
f r( )= 1

η2 −ρ2( )
η2 1− ρ

2

r2
#

$
%

&

'
( ση,i −ση,i−1( )

)

*
+

−ρ2 1−η
2

r2
#

$
%

&

'
( σρ,i −σρ,i−1( )

,

-
.

	

(8.2-32)	

where	
𝜎p,r, 𝜎q,Y	 =	 Inner	and	outer	externally	applied	stresses	at	the	end	of	time	step	i,	

respectively	

𝜎p,rsY	𝜎q,rsY	 =	 Inner	 and	outer	 externally	 applied	 stresses	 at	 the	beginning	of	
time	step	i	(end	of	time	step	i-1),	respectively	

𝛥𝜎Z,r
u (𝑟)	 =	 Incremental	 change	 in	 the	 radial	 stress	 due	 to	 changes	 in	 the	

externally	applied	stresses	σρ	and	ση	

In	 a	 similar	 manner,	 Eqs.	 8.2-24	 and	 8.2-30	 can	 be	 used	 to	 provide	 the	 changes	
occurring	during	the	computational	time	step.	
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(8.2-33)	
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(8.2-34)	

where	
𝛥𝑢u,r(𝑟)	 =	 Incremental	 elastic	 displacement	 due	 to	 changes	 in	 the	 externally	

applied	stresses	σρ	and	ση	

𝛥𝜎y,r
u
	
(𝑟)	 =	 Incremental	 change	 in	 the	 circumferential	 stress	 due	 to	 changes	 in	

the	externally	applied	stresses	σρ	and	σv	

𝛥𝑧g,r
u
	
	 =	 Incremental	 change	 in	 the	 axial	 plane	 strain	 due	 to	 changes	 in	 the	

external	applied	stresses	σρ	and	ση	

As	mentioned	above,	this	same	procedure	is	not	required	for	the	thermally	induced	
stresses	and	strains,	since	they	are	derived	from	explicit	temperature	changes.	With	the	
initial	and	final	temperatures	in	Eq.	8.2-5	defined	as	the	temperatures	at	the	beginning	
and	end	of	the	current	time	step,	respectively,	the	incremental	changes	in	the	stresses	
and	strains	are	determined.	

Equations	 8.2-25,	 8.2-28,	 and	 8.2-31,	 define	 the	 incremental	 changes	 in	 the	
deformation,	 radial	 stress,	 and	 circumferential	 stress	 in	 response	 to	 a	 temperature	
change	 during	 the	 time	 step.	 Equations	 8.2-32	 through	 8.2-34	 define	 the	 changes	 in	
response	 to	 changes	 in	 the	 externally	 applied	 forces.	 The	 incremental	 changes	 in	 the	
axial	stresses	can	be	found	from	Eq.	8.2-4,	once	the	axial	plane	strain	is	determined.	The	
separation	of	the	stresses	into	the	thermal	and	force	components	makes	it	possible	to	
implement	thermal	stress	relaxation	in	a	straightforward	manner.	

The	subroutine	FSIGMA	solves	the	equations	for	the	fuel	and	the	subroutine	CSIGMA	
solves	them	for	the	cladding.	

8.2.2 Cracked	Fuel	Thermoelastic	Solution	and	Crack	Volume	
If	the	circumferential	stress	at	a	cell	boundary	exceeds	the	fracture	strength	of	the	

fuel,	the	cell	immediately	inside	that	boundary	is	assumed	to	crack.	The	new	outer	solid	
fuel	boundary	is	then	studied	to	determine	if	it	will	also	crack.	This	process	is	repeated	
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until	a	stable	solid	boundary	is	reached,	or	cracking	occurs	to	the	central	void	or	molten	
fuel	boundary.	This	procedure	is	carried	out	in	the	subroutine	FSIGMA.	The	treatment	
for	 the	 solid	 zone	 was	 presented	 previously	 and	 the	 solution	 in	 the	 cracked	 zone	 is	
given	below.	

In	the	cracked	zone,	it	is	assumed	that	numerous	radial	and	transverse	cracks	exist	
and	 extend	 inward	 to	 the	 same	 radial	 position.	 Under	 these	 conditions	 the	
circumferential	 and	 axial	 stress,	 σθ	 and	 σz,	 respectively,	 are	 both	 set	 equal	 to	 the	
negative	of	the	plenum	gas	pressure,	Pg,	since	it	is	assumed	that	communication	exists	
with	the	plenum.	

gz P-==ssq 	 (8.2-35)	

If	 these	 values	 are	 substituted	 into	 the	 equilibrium	 Eq.	 8.2-11,	 and	 the	 integration	
performed	from	the	outer	fuel	radius,	Rf,	to	a	radius	r,	the	radial	stress	at	any	point	in	
the	cracked	region	results:	

( ) ( )FCggr P
r
R

Pr f ss ++-=
	

(8.2-36)	

where	
𝜎z{		 =	 Fuel-cladding	interface	stress,	the	negative	of	the	interface	pressure	

If	the	integration	is	performed	outward	from	the	boundary	between	the	continuous	
and	the	cracked	fuel,	η,	to	a	radius	r,	then	the	stress	in	the	cracked	fuel	is	of	the	form:	

( ) ( )hshs ++-= ggr P
r

Pr
	

(8.2-37)	

where	
𝜎q		 =	 Stress	at	the	outer	boundary	of	the	solid	fuel	

Since	 Eqs.	 8.2-36	 and	 8.2-37	 must	 define	 the	 same	 stress	 at	 a	 given	 radius,	 the	
relationship	 between	 the	 stress	 at	 the	 solid-cracked	 boundary	 and	 the	 fuel-cladding	
interface	may	be	determined	as	

( )FCg
f

g P
R

P s
h

sh ++-=
	

(8.2-38)	

It	should	be	noted	that	the	radial	stress	in	the	cracked	region	contains	no	dependence	
on	the	thermal	expansion	of	the	region.	
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To	obtain	the	radial	displacement,	ur,	Eqs.	8.2-35	and	8.2-36	are	substituted	into	Eq.	
8.2-2	and	the	result	used	in	Eq.	8.2-6.	Upon	integration,	the	radial	displacement	is	given	
by		

ur =uη + 2ν −1( ) r −η( )
Pg
Ec

+
Pg −ση( )
Ec

η ln r
η

"

#
$

%

&
'+ Δ αT( )d )r

η

r

∫
	

(8.2-39)	

where	
𝑢Z	 =	 Displacement	at	radius	r	in	the	cracked	fuel	zone	

𝑢q	 =	 Displacement	of	the	outer	surface	of	the	continuous	fuel	zone	

𝐸~	 =	 Mass	averaged	modulus	of	elasticity	in	the	cracked	fuel	zone	

As	in	the	section	on	solid	fuel	or	cladding,	the	above	derivations	contain	the	implicit	
assumption	that	the	cells	start	out	in	an	unexpanded,	stress	free	state.	This	is	not	what	
exists	at	the	beginning	of	the	time	step.	Equations	8.2-35	through	8.2-39	can	be	used	to	
obtain	the	changes	that	occur	from	the	beginning	of	the	time	step	to	the	end.	

igizi P ,,, D-=D=D ssq 	 (8.2-40)	

Δσ r,i =−ΔPg,i +
Rf

r
ΔPg,i +Δσ FC,i( )

=−ΔPg,i +
η
r
ΔPg,i +Δσ n,i( )

	

(8.2-41)	

Δσ n,i =−ΔPg,i +
Rf

r
ΔPg,i +Δσ FC,i( )

	
(8.2-42)	

where	
𝛥𝑃�,r	 =	 Change	in	plenum	pressure	during	time	step	i	

𝛥𝜎z{,r	 =	 Change	in	fuel-cladding	interface	stress	during	time	step	i	

𝛥𝜎�,r	 =	 Change	in	stress	at	solid	fuel-cracked	fuel	boundary	during	time	step	i	

The	displacement	calculated	in	Eq.	8.2-39	contains	two	parts,	that	due	to	forces	and	
that	due	to	temperature	changes.	As	with	the	solid	fuel,	the	thermal	effects	are	already	
handled	 in	 an	 incremental	 fashion,	 so	 no	 changes	 are	 required.	 However,	 the	 force	
effects	have	to	be	modified	to	handle	the	changes	during	the	time	step.	Using	the	solid	
fuel	results	for	incremental	changes,	the	value	of	outer	solid	fuel	displacement,	uη,	will	
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be	 an	 incremental	 change.	 The	 force	 effects	 can	 be	made	 incremental	 in	 the	manner	
used	above.	

ur,i =uη,i 2ν −1( ) r −η( )
ΔPg,i
Ec

+
ΔPg,i +Δσ n,i( )

Ec

η ln r
η

#

$
%

&

'
(

+ Δ αT( )d )r
η

r

∫
	

(8.2-43)	

Equation	8.2-43	gives	 the	displacements	of	 the	 cracked	 fuel	nodes	 in	 the	 incremental	
manner	desired.	These	equations	are	solved	in	the	subroutine	FSIGMA.	

As	 the	dimensions	of	a	cracked	 fuel	 cell	 change,	 so	will	 the	 fraction	of	 the	volume	
that	 is	 associated	 with	 the	 cracks.	 These	 changes	 are	 calculated	 in	 the	 subroutine	
CRAKER.	 In	the	current	version	of	DEFORM-4,	 the	volume	associated	with	transverse,	
or	 axial,	 cracking	 is	 neglected.	 The	 radial	 crack	 volume	 fraction	 is	 affected	 by	 three	
factors:	 (1)	 changes	 in	 the	 cell	boundary	 locations,	 (2)	 circumferential	 strain,	 and	 (3)	
fission-product-induced	 fuel	 swelling.	 The	 first	 two	 processes	 are	 treated	 in	 the	
subroutine	CRAKER,	whereas	the	third	is	treated	in	the	subroutine	FSWELL.	

𝛥𝑉{�� = 𝛥𝑉 𝑢 	– 𝜖y~ 	– 𝛥𝑉�	 (8.2-44)	

where	
𝛥𝑉{��	 =	 Fractional	volume	change	due	to	radial	cracks	

𝛥𝑉 𝑢 	 =	 Fractional	 volume	 change	 associated	 with	 the	 changes	 in	 the	 radial	
boundaries	of	the	cell	by	the	constant	displacement	u	

𝜖y~ 	 =	 Circumferential	strain	of	the	cracked	fuel	cell		

𝛥𝑉�	 =	 Fractional	 volume	 change	 associated	with	 fission-product	 swelling	 in	
the	cell	

The	 first	 term	 in	 Eq.	 8.2-44	 is	 based	 on	 purely	 geometric	 considerations.	 If	 an	
annulus	with	inner	radius	ri	and	outer	radius	ro	 is	moved	radially	by	an	amount	u,	the	
new	inner	and	outer	radius	become	ri	+	u	and	ro	+	u,	respectively.	This	new	annulus	has	
a	 different	 volume	 from	 the	 original	 configuration.	 The	 change	 in	 volume	 fraction	 is	
assumed	to	be	contained	in	the	cracks	in	the	fuel	cell.	

Δ𝑉 𝑢 =
𝑟g + 𝑢 X − 𝑟r + 𝑢 X − 𝑟gX + 𝑟rX

𝑟�X − 𝑟rX
	 (8.2-45)	

Equation	8.2-45	reduces	to	
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ΔV u =
2𝑢

r� − 𝑟r
		 (8.2-46)	

In	 the	determination	of	 the	 circumferential	 strain	 in	a	 cracked	 fuel	 cell,	 it	 is	 assumed	
that	 the	 fuel	 continues	 to	 act	 as	 linear	 elastic	 material	 obeying	 Eq.	 8.2-3.	 With	 the	
circumferential	and	axial	stresses	set	to	the	negative	of	the	plenum	pressure,	Eq.	8.2-35,	
and	 the	 radial	 stress	 as	 given	 in	 Eq.	 8.2-36,	 the	 circumferential	 strain	 in	 the	 cracked	
zone	can	be	determined	as	 the	sum	of	 the	 force	and	thermal	component	 to	 the	strain	
c
f,qe 	and	

c
th,qe ,	respectively.	

c
th

c
f

c
,, qqq eee += 	 (8.2-47)	

εθ , f
c =− 1−2ν( )

ΔPg,i
Ec

−
νRf

Ecr
ΔPg,i +Δσ FC,i( )

	
(8.2-48)	

εθ ,th
c =Δ αT( ) 	 (8.2-49)	

The	value	of	 the	 force	 strain	used	 in	determining	 the	 strain	of	 a	particular	 cell	 is	 the	
average	 of	 the	 strain	 at	 the	 cell	 boundaries	 and	 is	 based	 on	 the	 changes	 occurring	
during	the	time	step.	The	thermal	component	 is	evaluated	from	the	change	 in	the	cell	
temperature	during	the	time	step.	

8.2.3 Fully	Cracked	Fuel	
In	some	pretransient	situations	and	many	transient	cases,	it	is	possible	for	the	solid	

fuel	to	become	fully	cracked,	i.e.,	there	is	no	solid	fuel	annulus.	Being	fully	cracked,	there	
would	be	no	 resistance	 to	 radial	 relocation	outward,	until	 the	 cladding	 is	 reached,	 or	
radially	inward,	until	the	crack	volume	is	closed	in	the	central	solid	regions	of	the	fuel.	If	
the	pressure	in	the	cracks	remains	the	plenum	pressure,	Eq.	8.2-38	then	represents	the	
necessary	equilibrium	condition	that	must	be	satisfied.	However,	 if	the	crack	pressure	
is	assumed	to	reach	a	level	equivalent	to	the	central	cavity	pressure,	the	substitution	in	
Eq.	8.2-11	yields	a	constant	pressure,	equivalent	to	the	cavity	pressure,	throughout	the	
fuel	 and	 as	 the	 fuel-cladding	 interface	 pressure.	 Both	 options	 are	 available	 within	
DEFORM-4.	

The	movement	of	the	cracked	fuel	is	controlled	by	the	two	external	forces	applied:	
(1)	the	central	cavity	pressure,	and	(2)	the	fuel-cladding	interface	pressure.	If	no	molten	
cavity	exists	with	a	pressure	greater	than	the	plenum	pressure,	the	cracked	fuel	cannot	
relocate	radially	outward	to	remove	the	fuel-cladding	gap	that	may	exist.	Under	these	
conditions	 the	maximum	 fuel-cladding	 interface	pressure	 is	 equivalent	 to	 the	plenum	
pressure.	If	the	previous	time	step	contained	a	solid	fuel	annulus	which	had	produced	
an	interface	pressure	greater	than	the	plenum	pressure,	once	full	cracking	is	achieved	
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the	interface	pressure	will	drop	to	the	plenum	pressure,	and	the	fuel	may	be	relocated	
inward	in	response	to	the	alleviation	of	previous	elastic	strains	in	the	cladding.	

If	a	pressurized	molten	cavity	does	exist	at	the	time	the	cracked	region	reaches	the	
melt	boundary,	or	melting	proceeds	to	the	cracked	boundary,	then	radial	relocation	to	
the	cladding	surface	will	take	place	if	a	gap	existed.	If	no	gap	existed,	then	the	relocation	
could	occur	either	outward	or	inward	depending	on	the	previous	interface	pressure,	the	
cavity	pressure,	and	the	option	used	for	the	pressure	of	the	gas	in	the	cracks.	

When	 the	 crack	 pressure	 is	 assumed	 to	 remain	 at	 the	 plenum	 pressure,	 the	 new	
interface	pressure	is	determined	from	Eq.	8.2-38.	

σ FC =−Pg +
Rcav
Rf

σ cav +Pg( )
	

(8.2-50)	

where	
𝜎~��	 =	Molten	central	cavity	pressure	

𝑅~��	 =	 Outer	radius	of	the	molten	central	cavity	

If	 this	 new	 interface	 pressure	 is	 less	 than	 the	 previous	 time	 step,	 removal	 of	 the	
previous	elastic	strain	will	take	place,	moving	the	cracked	fuel	toward	the	center.	If	it	is	
greater	than	the	previous	interface	pressure,	more	elastic	strain	will	be	produced,	and	
the	 fuel	 and	 cladding	 will	 move	 outward.	 If	 this	 new	 pressure	 produces	 a	
circumferential	 stress	 larger	 than	 the	 cladding	 flow	 stress,	 the	 cladding	 will	 strain	
plastically	 to	 provide	 enough	 volume	 to	 reduce	 the	 cavity	 pressure	 to	 a	 value	 that	
produces	 an	 interface	 pressure	 equal	 to	 that	 necessary	 to	 produce	 a	 circumferential	
stress	equal	to	the	flow	stress.	

These	conditions	are	all	handled	by	 the	 fully	crack	 fuel	 solution	driver	subroutine	
MKDRIV.	

With	 these	 considerations	 it	 is	 possible	 for	 the	 cladding	 stress	 to	 build	 up	 while	
solid	fuel	exists,	then	become	alleviated	when	the	fuel	becomes	fully	cracked	with	a	low	
molten	cavity	pressure,	and	then	again	build	up	as	the	molten	cavity	pressure	and	melt	
radius	increase.	The	timing	of	such	behavior	and	the	magnitude	reached	will	depend	on	
the	particular	transient	being	studied.	

8.2.4 Axial	Expansion	Solution	
As	discussed	 in	Section	8.2.1,	 the	analytical	solution	to	 the	mechanics	equations	 is	

produced	through	a	generalized	plane	strain	assumption.	The	axial	interfaces	between	
segments	are	assumed	to	remain	parallel,	and	a	segment	expands	or	contracts	with	a	
uniform	strain,	zo,	over	 its	entire	radius.	Since	 this	axial	 strain	exists	 in	 the	equations	
which	represent	the	radial	displacement	function,	it	is	necessary	to	find	the	axial	strain	
prior	 to	 the	 radial	 strain	 results.	 The	 calculation	 for	 the	 axial	 strain	 of	 a	 segment	 is	
performed	in	the	subroutine	EXPAND.	
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The	 axial	 force	 in	 the	 fuel	 segment,	Ff,	 is	 found	 by	 integrating	 the	 axial	 stress,	σz,	
over	the	cylindrical	fuel	geometry,	

Ff =2π σ z
ρ

η

∫ r dr
	

(8.2-51)	

Substituting	Eqs.	 8.2-27,	 -28,	 -30,	 -31	 and	 -10	 into	Eq.	 8.2-4	 and	 solving	 for	 the	 axial	
stress	function,	yields:	

σ z =
2νE
η2 −ρ2( )

I η( )η2

1−ν( )
−
ρ2 −σρ −η

2ση( )
E

"

#
$
$

%

&
'
'
−
EΔ αT( )
1−ν( )

+EzO
	

(8.2-52)	

This	is	then	used	in	Eq.	8.2-51	and	integrated	to	yield	

Ff =− 2πEη
2 I n( )+2πν η2ση −ρ

2σρ( )+πEzO η2 −ρ2( ) 	 (8.2-53)	

In	order	to	find	the	axial	plane	strain,	a	total	force	balance	is	performed.	The	state	of	
the	 fuel-cladding	 gap	 can	 influence	 the	 terms	 in	 the	 force	 summation.	 If	 the	
fuel-cladding	gap	is	open,	or	the	free	axial	expansion	option	is	chosen	through	the	input	
parameter	NAXOP,	then	the	force	summation	contains	no	term	for	the	cladding	effects.	
If,	however,	the	fuel	and	cladding	are	in	contact,	then	cladding	terms	must	be	included	
in	the	force	balance.	The	following	is	the	general	equation	for	the	force	balance.	

𝐹u = 𝐹~�� + 𝐹�� + 𝐹~	 (8.2-54)	

where	
𝐹~��	 =	 Force	in	the	central	void	or	molten	fuel	cavity	

𝐹��	 =	 Force	 applied	 axially	 to	 the	 fuel	 column,	 usually	 from	 the	 plenum	 gas	
pressure	

𝐹u	 =	 Force	from	the	solid	fuel	zone	

𝐹~	 =	 Force	from	the	cladding,	which	is	0	with	free	axial	expansion	

In	the	central	void	or	molten	cavity,	the	force	is	given	by	

𝐹��� = 𝜋	𝜌X	P���	 (8.2-55)	

where	
𝑃~��	 =	 The	pressure	in	the	molten	cavity	or	central	void	
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𝜌	 =	 The	radial	extent	of	melting	or	the	central	void	radius	

The	axial	force	from	the	plenum	pressure	is	given	by	

𝐹�� = 𝜋	rpX	P��D	 (8.2-56)	

where	
𝑃���	 =	 Fission-gas	plenum	pressure	

𝑟�	 =	 Radius	of	the	plenum	

For	 the	 cladding,	 the	 force	 is	 either	 zero	or	 the	 same	as	Eq.	8.2-53	but	with	 cladding	
properties,	thermal	expansion,	and	inner	and	outer	boundary	forces.	

If	free	axial	expansion	is	assumed,	then	Eqs.	8.2-53,	-55,	and	-56	can	be	used	in	Eq.	
8.2-54.	This	is	then	solved	for	the	uniform	axial	strain.	

𝑧� = z� thermal + z� forces 	A�	 (8.2-57)	

𝑧� thermal =
2	𝜂X	𝐼(𝜂)
𝜂X − 𝜌X 	 (8.2-58)	

𝑧g forces =
−2𝑣

(𝜂X − 𝜌X)
𝜂X𝜎q − 𝜌X𝜎p

𝐸 −
(𝜌X𝑃~�� + 𝑟pX𝑃���)

𝐸 	 (8.2-59)	

where	
𝐴u		 =	 Fraction	of	axial	expansion	to	be	used	

All	properties	in	the	above	two	equations	refer	to	the	fuel,	and	the	modulus	of	elasticity,	
E,	is	a	mass-averaged	value.	

Since	 this	 equation	 assumes	 an	 initial	 stress	 free	 state,	 it	 must	 be	 modified	 to	
account	 for	the	changes,	which	take	place	during	the	specific	time	step.	The	time	step	
changes	occur	in	the	inner	and	outer	boundary	conditions,	σρ	and	ρη,	and	the	cavity	and	
plenum	pressures,	PCAV	and	Pgas.	

𝑧g 𝑓𝑜𝑟𝑐𝑒𝑠 = 	
−2𝑣

𝜂X − 𝜌X
𝜂XΔ𝜎q,r − 𝜌XΔ𝜎p,r

𝐸 −
𝜌X𝑃~�� + 𝑟pX𝑃���
𝐸 𝜂X − 𝜌X 	 (8.2-60)	

Equation	 8.2-60	 together	with	 Eq.	 8.2-58	 define	 the	 axial	 strain	 occurring	 during	 the	
time	step	due	to	force	and	thermal	considerations,	respectively.	

For	the	case	where	the	fuel	and	cladding	are	considered	"constrained",	the	fuel	and	
cladding	surfaces	are	assumed	to	be	locked	to	each	other.	Equation	8.2-54	is	used	with	
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Eq.	8.2-53	(used	 twice,	once	with	 fuel	properties,	once	with	cladding	properties),	and	
Eqs.	8.2-55	and	-56.	The	result	is	again	solved	for	the	axial	strain	

𝑧g thermal =
2 𝐸u	𝜂uX	𝐼 𝑛u + 𝐸~	𝜂~X	𝐼 𝜂~
𝐸~ 𝜂~X − 𝜌~X + 𝐸u 𝜂uX − 𝜌uX

	 (8.2-61)	

𝑧� forces =	

−2 𝑣u 𝜂uX𝜎q,u − 𝜌uX𝜎p,u + 𝑣~ 𝜂~X𝜎q,~ −	𝜌~X𝜎p,~ − 𝜌uX𝑃~�� + 𝑟�X𝑃���
𝐸~ 𝜂~X − 𝜌~X + 𝐸u 𝜂uX − 𝜌uX

	
(8.2-62)	

The	subscript	“f”	refers	to	fuel	properties	and	dimensions	and	the	subscript	“c”	refers	to	
the	 cladding	 properties	 and	 dimensions.	 Again,	 Eq.	 8.2-62	 must	 be	 transformed	 to	
consider	the	changes	from	one	time	step	to	the	next.	

𝑧� forces =	

−2 𝑣u 𝜂uX𝛥𝜎q,u − 𝜌uX𝛥𝜎p,u + 𝑣~ 𝜂~X𝛥𝜎q,~ −	𝜌~X𝛥𝜎p,~ − 𝜌uX𝛥𝑃~�� + 𝑟�X𝛥𝑃���
𝐸~ 𝜂~X − 𝜌~X + 𝐸u 𝜂uX − 𝜌uX

	
(8.2-63)	

Equation	8.2-63	together	with	Eq.	8.2-61	defines	the	axial	strain	for	the	time	step	when	
the	fuel	and	cladding	are	locked	together.	

The	axial	strain	is	separated	into	its	thermal	and	force	components	to	allow	for	the	
option	to	use	only	thermal	effects	or	both	thermal	and	force	effects	through	the	input	
parameter	IAXTHF.	There	are	also	four	options	available	which	concern	the	treatment	
of	the	fuel-cladding	locking.	The	axial	expansion	can	be	set	to	the	free	axial	expansion	of	
the	 fuel	 or	 the	 cladding,	 to	 always	 be	 constrained	 expansion,	 or	 to	 be	 a	 combination	
depending	 on	 the	 actual	 interface	 conditions.	 In	 the	 fourth	 option,	 all	 axial	 segments	
below	the	top	locked	segment	are	assumed	to	be	in	the	constrained	state.	These	options	
are	controlled	through	the	input	parameter	NAXOP.	The	most	realistic	options	are	both	
thermal	 and	 force	 components	 with	 the	 mixed	 free/constrained	 state.	 The	 other	
options	are	available	to	facilitate	the	study	of	axial	expansion	assumptions	on	accident	
sequences.	

There	 also	 may	 be	 a	 third	 fuel-cladding	 boundary	 condition,	 which	 does	 not	
currently	 exist	 in	 DEFORM-4.	 This	 is	 the	 "slip"	 condition	 where,	 at	 some	 level	 of	
mismatch	between	the	fuel	and	cladding	forces,	the	fuel	would	slide	along	the	cladding.	
This	is	noted	for	possible	inclusion	in	the	future.	

In	the	equations	given	above,	the	implicit	assumption	is	present	that	the	fuel	in	the	
region	 under	 consideration	 is	 both	 solid	 and	 uncracked.	 In	 the	 current	 version	 of	
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DEFORM-4,	 the	 entire	 solid	 fuel	 zone	 is	 used	 in	 the	 calculation,	 both	 continuous	 and	
cracked.	The	result	is	to	provide	average	axial	expansion	effects	in	a	generalized	plane	
strain	framework.	If	transverse	crack	volumes	are	instituted	in	the	cracking	model,	then	
the	expansion	effects	in	the	cracked	fuel	region	will	be	restudied.	In	order	to	provide	a	
conservative	 assumption,	 when	 the	melting	 reaches	 the	 cracked	 fuel	 boundary,	 axial	
expansion	of	that	node	is	stopped.	This	is	used	to	handle	the	necessity	of	expanding	into	
transverse	crack	volume,	before	additional	reactivity	effects	are	treated.	

8.3 Fuel-pin	Phenomenology	
In	 addition	 to	 the	 area	of	 investigation	 termed	 "mechanics"	 that	was	described	 in	

Section	 8.2,	 there	 is	 another	 area	 which	 is	 broadly	 termed	 "phenomenology".	 This	
includes	 those	 elements	 of	 fuel	 performance	 that	 are	 not	 necessarily	 considered	 in	 a	
structural/mechanical	 sense,	 but	 are	 generally	 of	 a	 microscopic	 nature	 resulting	 in	
macroscopic	 effects.	 Examples	 would	 include	 as-fabricated	 porosity	 migration,	 grain	
growth,	 fission-gas	 generation	 and	 release,	 and	 fuel	 swelling	 induced	 by	 solid	 and	
volatile	 fission	products.	Since	 these	produce	effects	on	various	 time	scales,	 some	are	
not	 considered	 in	 the	 transient	 calculation.	 However,	 all	models	 have	 been	 coded	 so	
that	they	could	be	incorporated	in	the	transient	calculation	if	appropriate.	

8.3.1 As-Fabricated	Porosity	Migration	
When	cylindrical	oxide	fuel	pins	are	placed	in	a	neutron	flux,	the	volumetric	heating	

rates	and	 low	thermal	conductivity	of	 the	 fuel	combine	to	produce	high	temperatures	
and	very	steep	radial	thermal	gradients.	These	conditions	can	lead	to	the	phenomenon	
commonly	 referred	 to	 as	 restructuring.	 The	 most	 distinct	 macroscopic	 aspects	 are	
divided	 into	 the	 columnar,	 equiaxed,	 and	 as-fabricated	 fuel	 zones.	 The	 basic	 physical	
processes	 that	 produce	 these	 zones	have	been	 identified	 as	 grain	 growth	kinetics	 for	
the	 equiaxed	 zone,	 and	porosity	migration	 for	 the	 columnar	 zone.	 In	 this	 section,	 the	
phenomenon	of	porosity	migration	will	be	discussed.	

Sintered	 fuel	 pellets	 contain	 residual	 pores	 on	 the	 grain	 boundaries.	 At	 the	 high	
temperatures	 commonly	 experienced	 in	 a	 nuclear	 fuel	 pin,	 the	 mobility	 of	 the	
constituent	 atoms	 can	 become	 important	 since	 this	 activity	 is	 usually	 related	 to	 the	
internal	 energy,	which	 is	 represented	 in	 an	Arrhenius	 equation	 form.	However,	 if	 the	
temperature	was	uniform,	there	would	be	no	macroscopic	movement	because	there	is	
no	driving	force.	The	 large	thermal	gradients	that	exist	 in	a	 fuel	pin	act	as	the	driving	
force	for	atomic	movement.	This	mobility	and	driving	force	cause	the	pores	to	migrate	
up	the	thermal	gradient.	This	movement	of	porosity	 is	 important	because	the	thermal	
conductivity	of	the	fuel	depends	on	its	local	porosity.	If	there	is	a	large	amount	of	pore	
migration	 a	 central	 hole	 will	 be	 formed.	 This	 change	 in	 geometry	 affects	 the	 heat	
transfer	characteristics	of	the	pin.	

The	 process	 begins	 with	 the	 coalescence	 of	 the	 irregularly	 shaped	 pores	 in	 the	
as-fabricated	 fuel.	 The	 coalescence	 and	 movement	 of	 these	 pores	 results	 in	 the	
formation	 of	 characteristic	 lenticular	 pores,	 with	 a	 long	 axis	 parallel	 to	 the	 fuel	
isotherms	and	the	short	axis	in	the	direction	of	the	thermal	gradient.	This	initial	step	of	
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becoming	lenticular	is	not	included	in	DEFORM-4;	only	the	movement	of	the	pores	up	
the	thermal	gradient.	

There	 are	 three	 mechanisms	 that	 could	 lead	 to	 pore	 motion:	 (1)	 evaporation	
condensation	across	the	pore,	(2)	pore	surface	diffusion,	and	(3)	mass	diffusion	around	
the	pores.	The	mass	diffusion	process	 is	assumed	to	be	negligible	because	of	 the	high	
activation	 energy	 required	 to	 make	 atoms	 in	 a	 solid	 sufficiently	 mobile	 to	 produce	
appreciable	mass	 transport.	 The	 evaporation-condensation	 process	 is	 expected	 to	 be	
the	dominant	process	if	the	as-fabricated	pores	are	large	and	temperatures	are	high.	If	
the	pores	are	small	and	at	lower	temperatures,	the	surface	diffusion	process	would	be	
expected	 to	 dominate.	 When	 the	 LIFE-III	 [8-5]	 code	 was	 in	 the	 process	 of	 thermal	
calibration,	 it	was	 found	 that	 the	 available	 data	made	 it	 impossible	 to	 determine	 the	
thermal	 dependences	 of	 these	 last	 two	 processes,	 so	 the	 evaporation-condensation	
process	 was	 chosen	 as	 the	 dominant	 mechanism.	 This	 same	 approach	 has	 been	
employed	in	DEFORM-4.	

The	large	radial	thermal	gradient	existing	in	reactor	fuel	pins	at	power	produces	a	
gradient	across	the	pore.	The	atoms	on	the	hotter	surface	evaporate,	move	across	the	
pore,	and	condense	on	the	cooler	surface.	This	causes	the	pore	to	move	up	the	thermal	
gradient.	Bober	and	Schumacher	[8-6]	developed	the	following	form	for	the	velocity	of	
the	pore	due	to	this	process.	

U=
Ap

T A e
− Qp /RT( ) dT

dr 	
(8.3-1)	

where	
𝑈	 =	 Pore	velocity,	m/s	

𝑇	 =	 Temperature,	K	

𝑟	 =	 Radius,	m	

𝐴�	 =	 Pre-exponential	factor,	m2	T(A-1)	s-1	

𝑄�	 =	 Evaporation-condensation	activation	energy,	J	g-mole-1	

𝑅	 =	 Universal	gas	constant,	J	K-1	g-mole-1	

𝐴	 =	 Temperature	exponent	

Theoretical	values	for	Qp,	Ap,	and	A	were	obtained	by	Clement	[8-7]	and	compare	well	
with	 experimental	 values.	 Values	 have	 also	 been	 determined	 through	 the	 thermal	
calibration	of	the	LIFE-III	code	[8-5].	

In	 a	 cylindrical	 fuel	 rod	 with	 an	 axisymmetric	 power	 distribution,	 the	 thermal	
gradient	 is	 zero	 at	 the	 center	 of	 the	pin,	 or	 inner	 surface	 if	 a	 central	 void	 exists.	 The	
direct	 application	 of	 Eq.	 8.3-1	 would	 result	 in	 an	 accumulation	 of	 porosity	 in	 the	
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innermost	 cell.	 To	 avoid	 this	 nonphysical	 situation,	 the	 thermal	 gradient	 at	 the	 inner	
fuel	 cell	 boundary	 is	 assumed	 to	 be	 the	 average	 value	 across	 the	 central	 cell.	 This	
treatment	 simulates	 the	diffusion	of	 the	pores	and	 the	 formation	of	 channels	open	 to	
the	central	void.	

In	DEFORM-4,	each	 fuel	cell	 is	assumed	to	have	a	uniform	porosity.	The	change	 in	
cell	porosity	 is	determined	 from	the	 initial	porosity,	 the	porosity	moving	 into	 the	cell	
from	a	neighboring	cell,	and	the	porosity	moving	out	of	the	cell	to	a	neighboring	cell.	

Pi t +Δt( )=Pi t( )+Pin Δt( )−Pout Δt( ) 	 (8.3-2)	

where	
𝑃r(𝑡 + 𝛥𝑡)	 =	 Porosity	in	cell	i	at	the	end	of	the	time	step	

𝑃r(𝑡)	 =	 Porosity	in	cell	i	at	the	beginning	of	the	time	step	

𝑃r� 𝛥𝑡 		 =	 Porosity	moving	into	cell	i	from	cell	i+1	

𝑃g¬(𝛥𝑡)	 =	 Porosity	moving	out	of	cell	i	and	entering	cell	i-1	

𝛥𝑡	 =	 Time-step	length	

Lackey,	et	al.	[8-8]	developed	the	amount	of	porosity	crossing	a	cell	boundary,	based	on	
the	velocity	of	 the	pores	and	 the	 length	of	 the	 time	 step.	The	porosity	 in	 the	annulus	
from	ri	 to	ri	+	Ui	Δt	would	be	expected	to	cross	the	cell	boundary	at	ri	during	the	time	
step,	Δt.	These	considerations	result	in	the	following	definitions	for	Pin	and	Pout.	

( ) ( ) ( )[ ]212
11

1

1
+++

+

+ -D+=D iir
i

i
in rtUr

A
tPtP p

	
(8.3-3)	

( ) ( ) ( )[ ]22
iii

i

i
out rTUr

A
tPtP -D+=D

p

	
(8.3-4)	

where	
𝑃r®Y(𝑡), 𝑃r(𝑡)	 =	 Initial	porosity	in	fuel	cells	i+1	and	i,	respectively	

𝑟r®Y, 𝑟r	 =	 Outer	and	inner	radial	boundaries	of	fuel	cell	i		

𝑈r®Y, 𝑈r	 =	 Pore	velocity	at	radial	locations	ri+1	and	ri,	respectively		

𝐴r®Y, 𝐴r	 =	 Cross-sectional	area	of	radial	fuel	cells	i+1	and	i,	respectively	

The	application	of	Eqs.	8.3-2	through	8.3-4	could	lead	to	a	situation	in	which	more	
porosity	leaves	a	cell	than	exists	originally	and	enters	from	the	neighboring	cell.	This	is	
clearly	a	nonphysical	result	of	the	equations.	It	is	also	unlikely	that	the	porosity	in	any	
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cell	 would	 become	 zero	 because	 porosity	 can	 become	 trapped	 behind	 dislocations,	
impurities,	and	fission	products.	A	parameter,	PRSMIN,	is	available	to	allow	input	of	the	
minimum	porosity	allowed	in	a	cell.	If	application	of	Eq.	8.3-2	would	cause	the	new	cell	
porosity	to	fall	below	PRSMIN,	Pout	is	reduced	to	the	amount,	which	would	make	the	cell	
porosity	equal	to	the	allowed	minimum.	This	treatment	assumes	that	the	total	porosity	
is	conserved.	

At	the	fuel	surface,	the	influx	of	porosity	is	assumed	to	be	zero.	Because	of	the	strong	
temperature	dependence	of	 the	Arrhenius	 term	 in	Eq.	8.3-1,	 the	pore	velocity	 is	 very	
small	even	with	the	thermal	gradient	at	its	maximum.	This,	combined	with	the	surface	
tension,	makes	it	extremely	unlikely	to	have	significant	porosity	introduced	at	the	fuel	
surface.	

The	 above	 equations	 are	 solved	 in	 the	 subroutine	 PORMIG.	 In	 the	 solution,	 it	 is	
assumed	 that	 all	 pores	 in	 the	 vicinity	 of	 the	 boundary	 ri	 travel	 at	 the	 velocity	 Ui.	
Therefore,	the	maximum	travel	of	a	pore	is	directly	related	to	the	time-step	length.	

tUr iv D=D 	 (8.3-5)	

where	
𝛥𝑟�		 =	 Maximum	distance	traveled	by	pores	

In	order	to	maintain	accuracy,	it	has	been	found	that	the	time	step	length	should	be	
restricted	 so	 that	 the	maximum	 distance	 traveled	 by	 the	 fastest	 pores	 is	 less	 than	 a	
fourth	of	the	cell	width.	

m

m
m U

rt
4
D

=D
	

(8.3-6)	

where	
Δtm	 =	 Maximum	time-step	length		

Δrm	 =	 Extent	of	the	fuel	cell	outside	the	fastest	velocity	boundary	

Um	 =	 Maximum	pore	velocity	

There	 is	 a	 second	 reason	 for	 limiting	 the	 size	 of	 the	 computational	 time	 step.	 As	
discussed	 in	Section	8.1.2,	 the	 thermal	hydraulic	calculations	 in	SAS4A	are	performed	
separately	 from	 the	 mechanical/phenomenological	 calculations	 in	 DEFORM-4.	 Since	
porosity	 migration	 changes	 the	 geometry	 of	 the	 fuel	 pin	 and	 the	 radial	 porosity	
distribution,	which	changes	the	conductivities,	 it	 is	necessary	to	 limit	the	time	step	so	
the	geometric	and	property	changes	can	be	fed	back	into	the	thermal	calculation.	It	has	
been	found	that	the	criterion	given	in	Eq.	8.3-6	is	quite	adequate	for	this	purpose.	

When	the	porosity	migrates	up	the	thermal	gradient,	it	can	pull	the	grain	boundaries	
along	with	it,	producing	the	characteristic	columnar	grains	seen	in	restructured	fuel.	If	
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enough	 porosity	 has	migrated	 out	 of	 a	 cell,	 the	 grains	 in	 the	 cell	 are	 assumed	 to	 be	
columnar.	 In	 DEFORM-4,	 the	mechanism	 for	 determining	 if	 a	 cell	 contains	 columnar	
grains	 is	 the	 checking	 of	 the	 current	 porosity	 against	 the	 initial	 value	 in	 the	
as-fabricated	fuel.	

( ) oeqi PRttP £D+ 	 (8.3-7)	

where	
Req	 =	 Fraction,	input	parameter	

Po		 =	 Initial	as-fabricated	porosity	

If	the	inequality	in	Eq.	8.3-7	is	satisfied,	the	cell	is	assumed	to	contain	columnar	grains.	
All	 cells	 inside	 the	 outermost	 cell	 that	 satisfy	 the	 inequality	 are	 also	 assumed	 to	 be	
columnar.	 This	 determination	 does	 not	 affect	 any	 calculations,	 but	 is	 used	 for	
comparisons	 with	 the	 results	 from	 the	 destructive	 examination	 of	 pins	 used	 in	
calibration	exercises.	

The	movement	of	these	as-fabricated	pores	causes	a	movement	of	gas	to	the	central	
void,	and	release	to	the	plenum.	In	order	to	achieve	a	strict	conservation	of	gases	within	
the	pin,	 the	effect	must	be	considered.	At	 the	as-fabricated	conditions,	 the	porosity	 is	
assumed	to	contain	helium	in	equilibrium	with	the	reference	conditions.	This,	therefore,	
defines	 the	amount	of	gas	associated	with	each	radial	 cell.	As	 the	porosity	changes	 in	
the	cell,	 the	associated	gas	 is	also	changed	under	the	assumption	that	 the	gas	content	
change	is	directly	related	to	the	porosity	change.	

Gaf ,i t +Δt( )+Gaf ,i t( )
Pi t +Δt( )
Pi t( ) 	

(8.3-8)	

where	
𝐺�u,r(𝑡 + 𝐴𝑡)	 =	 As-fabricated	gas	in	radial	cell	i	at	end	of	the	time	step,	kg	

𝐺�u,r(𝑡)	 =	 As-fabricated	gas	in	radial	cell	i	at	end	of	the	time	step,	kg	

Once	 the	 changes	 have	 been	 determined	 for	 all	 radial	 cells,	 the	 amount	 of	 gas	
released	to	the	central	void,	and	hence	the	plenum,	is	determined	and	added	to	the	total	
helium	inventory.	

While	 this	 gas	 accountability	 may	 have	 a	 very	 small	 effect	 on	 the	 actual	 plenum	
pressure	 during	 the	 pretransient	 calculations,	 it	 can	 be	 significant	 under	 transient	
conditions.	Since	melting	of	a	radial	cell	is	assumed	to	release	the	as-fabricated	porosity	
and	 its	 associated	 gas	 into	 the	molten	 cavity	 immediately,	 there	 can	 arise	 situations	
where	this	addition	can	affect	the	molten	cavity	pressure.	With	the	conservation	of	this	
material	 considered	 in	 DEFORM-4,	 a	 better	 representation	 of	 the	 molten	 cavity	
pressurization	is	provided,	no	matter	the	transient	under	study.	
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8.3.2 Grain	Growth	
At	 the	 relatively	 low	 temperatures	 in	 the	 outer	 fuel	 region,	 the	 as-fabricated	

porosity	 is	 unable	 to	migrate	 despite	 the	 large	 thermal	 gradient,	 because	 the	 atomic	
mobility	 is	 too	 low.	 However,	 the	 atoms	 may	 be	 active	 enough	 to	 cross	 the	 grain	
boundaries.	The	larger	grains	grow	at	the	expense	of	the	smaller,	due	to	the	tendency	of	
atoms	to	jump	from	a	convex	(higher	energy)	to	a	concave	(lower	energy)	surface.	The	
net	effect	is	to	reduce	the	surface	area,	and	thereby,	the	surface	energy	associated	with	
the	grains.	This	grain	growth	is	a	strong	function	of	atomic	activity,	i.e.,	temperature.	In	
nuclear	 fuels,	 the	 surface	 temperature	 is	 usually	 below	 the	 "threshold"	 temperature	
where	activity	is	great	enough	to	cause	redistribution	at	the	grain	surfaces.	Due	to	the	
strong	 temperature	 dependence	 and	 the	 steep	 thermal	 gradient,	 a	 distinct	 region	
usually	develops	where	the	grains	grow	isotropically,	irrespective	of	the	large	gradient.	
This	 "equiaxed"	 zone	 extends	 inward	 to	 the	 region	 where	 pore	 migration	 becomes	
active	 and	 produces	 the	 "columnar"	 grains	 by	 dragging	 the	 boundaries	 during	
migration.	

The	 grain-size	 distribution	 is	 important	 because	 the	 fission-gas	 release	 and	
fuel-creep	 functions	 depend	 on	 this	 parameter.	 The	 calculation	 of	 this	 clearly	 visible	
zone	 also	 offers	 a	 simple	 experimental	 calibration	 region,	 which	 can	 be	 used	 in	 the	
validation	process.	

Two	 grain-growth	 models	 are	 available	 in	 the	 GRGROW	 subroutines	 and	 are	
selected	through	the	input	variable	NGRAIN.	If	NGRAIN	is	greater	than	0,	the	unlimited	
grain-growth	option	 is	used	and	the	value	of	NGRAIN	 is	 the	grain	diameter	exponent;	
see	Section	8.3.2.1	below.	 If	NGRAIN	 is	zero,	a	 limited	grain-growth	model	 is	used.	 In	
this	 model	 the	 grain	 sizes	 are	 limited	 to	 an	 experimentally	 determined	 value;	 see	
Section	8.3.2.2	below.	Both	models	give	very	similar	results	 in	 the	 lower	 temperature	
regions	 associated	with	 the	 equiaxed	 region	where	 the	 grains	 are	 usually	 two	 to	 ten	
times	 the	 initial	 size.	 At	 higher	 temperatures,	 the	 first	model	 results	 in	 larger	 grains	
because	 of	 the	 unconstrained	 growth.	 However,	 in	 these	 regions,	 porosity	 migration	
also	 produces	 the	 columnar	 grain	 structure	 which	 uses	 a	 separate	 method	 for	
determining	 the	 effective	 grain	 size	 for	 use	 in	 the	 fission-gas	 release	 and	 fuel-creep	
calculations;	see	Section	8.3.2.3	below.	Because	the	unlimited	growth	model	offers	more	
flexibility	to	model	mechanistic	behavior,	it	is	suggested	for	use	prior	to	the	validation	
of	the	integral	code.	

8.3.2.1 Unlimited	Grain	Growth	–	Equiaxed	Region	
The	growth	phenomenon	may	be	characterized	by	a	 simple	kinetic	equation,	with	

the	growth	rate	given	as	

1
D
dD
dt
=
1
Dn Ag exp −Qv / RT( )

	
(8.3-9)	

where	
D	 =	 Grain	diameter,	m	
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n	 =	 Growth	mechanism	input	parameter	

Ag	 =	 Pre-exponential	constant	

Qv	 =	 Activation	energy	for	the	growth	mechanism	related	to	n,	J	g-mole-1	

t	 =	 Time,	s	

R	 =	 Universal	gas	constant,	J	K-1	g-mole-1	

T	 =	 Temperature,	K	

The	value	of	the	parameter	n	is	related	to	the	grain-growth	mechanism	and	depends	
on	 the	 driving	 and	 retarding	 forces	 being	 considered.	 Nichols	 [8-9]	 developed	
theoretical	meanings	 for	 the	values	usually	associated	with	n.	 If	 the	grain	boundaries	
are	 assumed	 to	move	 toward	 their	 center	 of	 curvature	 at	 a	 rate	 proportional	 to	 the	
curvature,	 n	 would	 be	 2.	 If	 the	 mechanism	 is	 through	 the	 evaporation-condensation	
process	 across	 pores	 on	 the	 boundaries,	 with	 the	 pressure	 in	 the	 pores	 inversely	
proportional	 to	 their	 radius,	 the	 value	 of	 n	 is	 3.	 If	 boundaries	 are	 shifted	 by	 volume	
diffusion	moving	material	 around	 the	pores	 or	 the	 evaporation-condensation	process	
with	the	internal	pore	pressure	constant,	the	value	of	n	is	4.	If	the	mechanism	is	surface	
or	interface	diffusion	in	the	pores,	the	value	of	n	is	5.	In	all	cases	where	n	is	3	through	5,	
it	is	assumed	that	the	pores	remain	on	the	grain	boundaries.	

If	 the	 temperature	 is	 assumed	 constant	 for	 a	 time	 period	 Δt,	 Eq.	 8.3-9	 can	 be	
integrated	to	yield	

( ) ( ) ( )RTQtAntDttD vg
nn /exp -D+=D+ 	 (8.3-10)	

The	 term	 (n	Ag)	 is	 usually	 combined	when	determining	 the	 constants	 by	 comparison	
with	experimental	data,	so	Eq.	8.3-10	is	rewritten	as	

( ) ( ) ( )RTQtGtDattD vk
nn /exp -D+=+ 	 (8.3-11)	

which	 is	 in	the	form	coded	in	the	GRGROW	subroutine.	 In	all	cases,	 the	values	 for	the	
parameters	Gk	and	Qv	depend	strongly	on	the	value	of	n	used	in	Eq.	8.3-11.	

R.N.	 Singh	 [8-10]	 conducted	 an	 investigation	 into	 the	 grain-growth	 kinetics	 for	
sintered	 UO2	 pellets	 at	 temperatures	 between	 1800	 and	 2100°C.	 His	 conclusions	
suggested	 that	 the	 cubic	 form	 of	 Eq.	 8.3-10	 was	 most	 accurate,	 and	 appropriate	
constants	were	determined.	When	the	MATPRO-10	[8-11]	materials	properties	package	
was	developed,	the	available	experimental	evidence	was	collected,	and	curve	fits	were	
applied	for	exponents	of	2	through	4.	In	this	study,	it	was	found	that	an	exponent	of	4	
gave	the	best	fit	with	3	giving	very	similar	results.	In	the	GRGROW	subroutine,	the	input	
variables	for	the	exponent,	pre-exponential	constant,	and	activation	energy	are	used	to	
provide	maximum	flexibility	for	the	user.	



The	SAS4A/SASSYS-1	Safety	Analysis	Code	System	

8-34	 	 ANL/NE-16/19	

8.3.2.2 Limited	Grain	Growth	–	Equiaxed	Region	
In	 a	 study	 of	 grain	 sizes	 in	 irradiated	 fuel	 by	 Ainscough,	 et	 al.	 [8-12],	 a	 kinetics	

equation	 for	grain	growth	was	developed	 that	 included	a	maximum	grain	size.	As	 the	
grains	 grow,	 the	 boundaries	 are	 retarded	 by	 the	 effects	 of	 intergranular	 pores,	 solid	
fission	products,	and	gas	bubbles.	After	the	grains	reach	a	certain	size,	they	are	stopped	
from	 additional	 growth.	 It	 was	 postulated	 that	 the	 maximum	 grain	 size	 could	 be	
represented	by	the	form	

Dm =Gm exp −Qm / RT( ) 	 (8.3-12)	

where	
Dm	 =	 Maximum	grain	size,	m	

Gm	 =	 Pre-exponential	constant,	m	

Qm	 =	 Maximum	grain	size	activation	energy,	J	(g-mole)-1	

R		 =	 Universal	gas	constant,	J	k-1	g-mole-1	

T	 =	 Temperature,	K	

The	 temperature	dependence	of	Eq.	8.3-12	results	 from	the	higher	mobility	of	 the	
retardants	 and	 the	 resultant	 reduction	 in	 grain-boundary	 drag	 as	 the	 temperature	
increases.	

The	kinetic	equation	developed	is	then	given	by	

dD
dt
=G 1

D
−
1
Dm

"

#
$

%

&
'exp −Q / RT( )

	
(8.3-13)	

where	
D	 =	 Grain	diameter,	m	

G	 =	 Pre-exponential	grain	growth	constant,	m2	s-1	

Q	 =	 Grain-growth	activation	energy,	J	g-mole-1	

If	the	temperature	is	assumed	to	be	constant	over	the	time	step,	Δt,	the	integration	
of	Eq.	8.3-13	produces	the	following	transcendental	equation:	
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f D t +Δt( )( )=Dm
2 ln

Dm −D t( )
Dm −D t +Δt( )

#

$
%%

&

'
((−GΔt −Q / RT( )

+Dm D t( )−D t +Δt( )( )=0 	

(8.3-14)	

The	solution	for	D(t+Δt)	is	obtained	through	the	Newton's	Method	iterative	scheme.	

Dk+1=Dk −
f Dk t +Δt( )( )
#f Dk t +Δt( )( ) 	

(8.3-15)	

where	
Dk	 =	 The	k-th	estimate	of	the	grain	diameter	to	satisfy	Eq.	8.3-14,	m	

!f Dk t +Δt( )( )=
df Dk( )
dDk 	

(8.3-16)	

Since	the	grain	size	at	the	beginning	of	the	time	step,	D(t),	and	the	maximum	grain	
size,	Dm,	are	known	constants,	the	differentiation	in	Eq.	8.3-16	may	be	performed	on	Eq.	
8.3-14	after	expanding	the	log	term	to	the	difference	of	two	1og	terms:	

!f Dk t +Δt( )( )= Dm
2

Dm −Dk t +Δt( )
−Dm

	
(8.3-17)	

Equation	8.3-17	is	reduced	to	

!f Dk t +Δt( )( )=
Dm Dk t +Δt( )
Dm −Dk t +Δt( ) 	

(8.3-18)	

and	this	 is	substituted	 into	Eq.	8.3-15	to	produce	the	 final	 form	for	 the	next	estimate,	
k+1,	of	the	grain	size	to	satisfy	Eq.	8.3-14.	

Dk+1 t +Δt( ) =Dk t +Δt( )− f Dk t +Δt( )( )
Dm −Dk t +Δt( )( )
Dm Dk t +Δt( ) 	

(8.3-19)	

This	iteration	is	continued	until	a	consistent	value	is	determined.	
If	the	maximum	grain	size,	Dm,	 is	smaller	than	the	size	at	the	beginning	of	the	time	

step,	D(t),	due	 to	power	or	 temperature	reductions,	 the	current	grain	size,	D(t+Δt),	 is	
maintained	at	its	previous	value.	



The	SAS4A/SASSYS-1	Safety	Analysis	Code	System	

8-36	 	 ANL/NE-16/19	

8.3.2.3 Columnar	Grain	Size	and	Region	Boundaries	
The	extent	 of	 the	 columnar	 region	boundary	 is	 found	as	was	discussed	 in	 Section	

8.3.1.	The	effective	grain	size	in	this	region	is	determined	by	the	equiaxed	grain	size	at	
the	columnar/equiaxed	boundary	and	the	extent	of	the	columnar	boundary.		

bcolcol DrD D= 	 (8.3-20)	

where	
Dco1	 =	 Effective	grain	size	in	the	columnar	region,	m		

Δrco1	 =	 Radial	extent	of	the	columnar	region,	m		

Db	 =	 Equiaxed	grain	size	at	the	columnar/equiaxed	boundary,	m	

The	 boundary	 between	 the	 equiaxed	 and	 as-fabricated	 region	 is	 based	 on	 the	
amount	of	grain	growth.	The	grain	size	in	each	radial	cell	is	compared	to	the	initial	grain	
size	and	if	suitable	growth	has	occurred,	the	region	is	classified	as	equiaxed.	

( ) Oueqi DRttD ³D+ 	 (8.3-21)	

where	
𝐷r	(𝑡 + 𝐴𝑡)	 =	 Grain	size	in	radial	cell	i	at	the	end	of	the	time	step,	m	

Rueq		 =	 Input	factor	

DO	 =	 As-fabricated	grain	size,	m	

The	check	is	started	at	the	outer	fuel	surface	and	once	the	inequality	in	Eq.	8.3-21	is	
satisfied,	that	determines	the	equiaxed/as-fabricated	boundary.	

8.3.3 Fission-gas	Release	
The	nuclear	 fission	processes	occurring	 in	 the	 fuel	during	 the	 irradiation	produce	

both	solid	and	gaseous	fission	products.	The	gaseous	products	are	primarily	xenon	and	
krypton.	 The	model	 currently	 used	 in	DEFORM-4	 assumes	 that	 the	 gaseous	 products	
either	 precipitate	 as	 gas-filled	 bubbles	 on	 the	 grain	 boundaries,	 are	 contained	 in	
microbubbles	within	the	fuel	matrix,	or	are	released	to	the	available	free	volume	in	the	
pin	 plenum	 and	 fuel	 central	 void.	 Formation	 of	 grain	 boundary	 bubbles	 leads	 to	 fuel	
swelling	and	 reduces	 the	 fuel-cladding	gap	 size.	The	 intra-granular	 gas	 is	 assumed	 to	
play	no	part	 in	 fuel	swelling	but	becomes	 important	upon	fuel	melting.	Release	to	the	
free	volume	changes	the	gas	mixture	and	reduces	the	thermal	conductivity	of	the	gas	in	
the	gap.	Fission-gas	release,	fuel	swelling,	and	the	fuel-pin	temperature	distribution	are	
therefore	 closely	 interrelated.	 The	 migration	 of	 fission-gas	 bubbles	 up	 the	 thermal	
gradient	is	not	treated.	
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Fission	gases	can	be	released	when	they	reach	any	open	porosity	such	as	cracks,	the	
fuel-cladding	 gap,	 the	 central	 void,	 or	 the	 fission-gas	 plenum.	At	 temperatures	 below	
about	1300	K,	the	mobility	of	the	gas	atoms	is	too	low	for	diffusion,	so	they	are	released	
only	by	collisions	with	fission	fragments	near	the	fuel	surface.	This	fraction	is	very	small	
and	 can	 be	 neglected.	 At	 temperatures	 between	 about	 1300	 and	 1900	 K,	 the	 atomic	
motion	 is	high	enough	to	allow	diffusion	to	the	grain	surfaces.	At	temperatures	above	
1900	 K,	 the	 gas	 bubbles	 become	 mobile	 and	 may	 escape	 by	 migration	 up	 the	
temperature	gradient.	

The	mechanistic	approach	to	the	problem	of	gas	release	has	been	employed	in	codes	
such	 as	 GRASS-SST	 [8-13]	 and	 FRAS	 [8-14].	 A	 complete	 modeling	 of	 the	 fission-gas	
behavior	 is	 attempted	 in	 these	 codes,	 describing	 the	 migration	 and	 coalescence	 of	
fission-gas	bubbles	 in	 the	grain	and	on	grain	boundaries.	Gas	 release	 from	 the	grains	
and	 grain	 boundaries	 to	 the	 exterior	 of	 the	 fuel	 are	 modeled.	 Detailed	 bubble-size	
distributions	 are	 calculated	 and	 grain-boundary	 channel	 formation	 is	 treated.	 The	
parameters	involved	have	been	studied	and	extensively	calibrated.	

Such	a	complete	and	detailed	modeling	effort	is	not	currently	envisioned	for	SAS4A.	
Because	of	the	requirements	that	the	SAS4A	code	size	and	running	time	be	minimized,	
considerably	 simpler,	 less-mechanistic	 models	 have	 been	 incorporated	 into	 SAS4A.	
These	 models	 relate	 the	 release	 rate	 to	 escape	 probabilities.	 These	 probabilities	 are	
modeled	as	functions	of	temperature	and	density.	They	should	also	be	related	to	grain	
size,	 but	 are	 not	 in	 the	 current	 version.	 The	 calculations	 are	 performed	 in	 the	
subroutine	RELGAS.	

8.3.3.1 Fission-gas	Generation	
The	total	amount	of	fission	gas	generated	in	a	fuel	cell	is	related	to	the	power	of	that	

cell.	As	the	fission	process	proceeds,	a	number	of	isotopes	result.	Some	of	these	fission	
products	 are	 volatile	 gases,	 which	 may	 coalesce	 to	 form	 fission-gas	 bubbles.	 It	 is	
assumed	that	each	fission	produces	a	constant	fraction	of	fission-gas	atoms.	

ga fxFG = 	 (8.3-22)	

where	
Ga	 =	 Number	of	gas	atoms	generated	

F	 =	 Number	of	fissions	during	the	time	step		

fg	 =	 Fractional	gas	atoms	generated	per	fission	

While	 this	model	 is	not	 true	of	a	 single	 fission	event,	 it	does	accurately	 represent	 the	
macroscopic	results	of	a	large	number	of	fissions.	

The	number	of	fissions	in	an	axial	segment	is	related	to	the	power	generated.	
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f

j

Ex
tP

F 1310603.1 -

D
=

	
(8.3-23)	

where	
Pj	 =	 Power	generated	by	axial	fuel	segment	j,	w	

Δt	 =	 Time-step	length,	s	

Ef		 =	 Energy	generated	per	fission,	MeV	

The	numeric	constant	in	Eq.	8.3-23	is	the	conversion	factor	from	MeV	to	W-s.	The	code	
uses	the	amount	of	gas	in	units	of	mass,	so	Eq.	8.3-22	is	rewritten	as		

a

fgg
m N

MWfF
G

310-´´´
=

	
(8.3-24)	

where	
Gm	 =	Mass	of	fission	gas,	kg	

MWfg	 =	Molecular	weight	of	the	fission	gas,	amu	

Na	 =	 Avogadro	number,	0.6025	x	1024	atoms/g-mole	

The	numeric	constant	in	Eq.	8.3-24	converts	g	to	kg.	Combining	Eq.	8.3-24	with	8.3-23	
results	in	the	mass	of	fission	gas	generated	in	the	axial	segment	during	the	time	step.	

f

fggi
m E

MWftP
G 1310658.9 ´

D
=

	
(8.3-25)	

If	 the	 radial	 power	 shape	 was	 flat,	 the	 total	 fission-gas	 mass	 could	 be	 divided	
between	the	radial	fuel	cells	on	the	basis	of	cell	mass.	However,	it	is	possible	to	have	a	
radial	 power	 shape.	 The	 fission-gas	 mass	 in	 a	 radial	 fuel	 cell	 is	 determined	 by	
multiplying	the	fission	gas	generated	by	the	whole	segment	by	a	radial	factor.	

imi fGG = 	 (8.3-26)	

where	
Gi	 =	 Fission-gas	mass	generated	in	radial	fuel	cell	i,	kg	

fi	 =	 Fraction	of	total	mass	generated	in	radial	cell	i	
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The	 radial	 factor	 is	 based	 on	 the	 radial	 power	 shape	 factors	 and	 the	 radial	 fuel	 cell	
masses.	

( )å
=

= N

k
kk

ii
i

MS

MSf

1 	
(8.3-27)	

where	
Si	 =	 Radial	power	shape	factor	for	radial	cell	i	

Mi	 =	 Fuel	mass	in	radial	cell	i,	kg	

N	 =	 Number	of	radial	fuel	cells	

Substituting	 Eqs.	 8.3-27	 and	 8.3-25	 into	 Eq.	 8.3-26	 results	 in	 the	 fission-gas	 mass	
generated	in	the	radial	cell.	

Gi =
Pj Δt fgMWfg Si Mi

9.658 × 1013 Ef Sk Mk( )
k=1

N

∑
	

(8.3-28)	

The	amount	of	this	gas	located	on	the	grain	boundaries	vs	the	amount	retained	in	the	
fuel	matrix	 is	 controlled	 through	 the	 input	 parameter	 FIFNGB.	 At	 each	 time	 step	 the	
new	gas	generated	is	divided	between	these	two	1ocations	

gbiigb fGG =, 	 (8.3-29)	

Gfm,i =Gi 1− fgb( ) 	 (8.3-30)	

where	
Ggb,i	 =	Mass	 of	 generated	 fission	 gas	 assumed	 to	 be	 on	 grain	 boundaries	 in	

radial	cell	i,	kg	

Gfm,i	 =	Mass	of	generated	fission	gas	assumed	to	be	in	the	fuel	matrix	in	radial	
cell	i,	kg	

fgb	 =	 Fraction	of	fission	gas	generated	that	is	on	the	grain	boundaries,	input	
parameter	FIFNGB	

Currently,	 release	 from	 these	 two	 regions	 is	 treated	 in	 the	 same	 manner,	 as	
described	below.	However,	with	this	type	of	split	in	DEFORM-4,	it	would	be	possible	to	
develop	different	release	mechanisms,	and	even	provide	for	a	radially	dependent	value	
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of	fgb.	These	considerations	have	been	identified	for	possible	future	work	if	their	effects	
were	to	become	important.	

This	split	in	the	gas	location	is	significant	because	of	the	interactions	with	two	other	
models:	 (1)	 the	 molten	 cavity	 pressure	 (Section	 8.3.7),	 and	 (2)	 fission	 gas	 swelling	
(Section	8.3.4).	Upon	melting,	all	grain	boundary	gas	is	released	immediately	while	the	
intra-granular	gas	has	a	delayed	coalescence.	In	fuel	swelling,	only	the	grain	boundary	
gas	is	assumed	to	produce	fuel	swelling.	

8.3.3.2 Isotropic	Fission-gas	Release	
In	 the	 isotropic	 fission-gas	 release	model,	 the	 release	 is	 treated	 as	 a	 function	of	 a	

single	release	rate	fraction,	f,	which	is	a	function	of	temperature.	This	is	the	probability	
per	 unit	 time	 that	 a	 retained	 gas	 atom	 would	 be	 released.	 The	 basic	 rate	 equation	
governing	the	amount	of	retained	gas	in	the	fuel,	at	all	locations,	can	be	given	by	

GSf
dt
dS

+-=
	

(8.3-31)	

where	
S	 =	 Amount	of	fission-gas	retained	in	the	fuel,	kg	

f	 =	 Fractional	release	rate	of	the	retained	gas,	kg	(kg×s)-1	

G	 =	 Fission-gas	production	rate,	kg	s-1	

Assuming	 that	 f	 and	 G	 are	 constant	 within	 the	 time	 step,	 Δt,	 Eq.	 8.3-31	 may	 be	
integrated	 over	 the	 time	 step	 to	 yield	 the	 amount	 of	 retained	 gas	 at	 the	 end	 of	 the	
interval.	

S t+Δt( )=S t( )exp − fΔt( )+G
f
1−exp − fΔt( )#$ %&

	
(8.3-32)	

Since	the	mobility	of	the	gas	atoms	is	a	thermally	activated	process,	it	is	assumed	that	
the	fractional	release	rate	can	be	represented	by	

f =Aα exp −Qα / RT( ) 	 (8.3-33)	

where	
Aα	 =	 Pre-exponential	input	constant	

Qα	 =	 Activation	energy	for	release,	input	constant	

The	constants	Aα	and	Qα	are	determined	through	comparisons	with	experimentally	
determined	 values	 of	 the	 retained	 fission-gas	 from	 the	 destructive	 examination	 of	
irradiated	 fuel	 pellets	 and	 through	 comparisons	 with	 more	 sophisticated	 fission-gas	
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release	codes.	Preliminary	constants	have	been	determined,	but	the	validation	exercises	
will	be	used	to	refine	them.	

8.3.3.3 Fission-gas	Trap-release	Model	
A	 slightly	 more	 complex	 model	 that	 includes	 a	 more	 mechanistic	 treatment	 of	

fission-gas	 release	was	 developed	 by	Weisman	 et	 al.	 [8-15].	 In	 this	model	 the	 gas	 is	
assumed	 to	 be	 released	 in	 two	 ways:	 (1)	 direct	 release	 to	 the	 fuel	 surface,	 and	 (2)	
entrapment	in	the	fuel	matrix	and	subsequent	release	to	the	surface.	

The	amount	of	gas	generated	that	is	released	directly	is	given	by	the	following:	

dtGkdn ¢=1 	 (8.3-34)	

where	
dn1	 =	 Amount	of	gas	released	in	time	increment	dt,	kg	

k¢	 =	 Fraction	 of	 the	 free	 gas	 that	 escapes	 to	 the	 surface	 without	 becoming	
trapped	

G	 =	 Fission-gas	production	rate,	kg	s-1	

dt	 =	 Time	increment,	s	

The	amount	of	 gas	 trapped	 in	 the	 fuel	matrix	 is	 given	by	 the	 total	 amount	 generated	
minus	the	total	released.	

nGtc -= 	 (8.3-35)	

where	
c	 =	 Amount	of	gas	trapped	in	the	fuel	matrix,	kg	

t	 =	 Time,	s	

n	 =	 Amount	of	gas	released,	kg	

If	k	is	the	probability	that	trapped	gas	will	be	released	per	unit	time,	then	the	amount	of	
trapped	gas	that	is	released	is	given	by	

dtckdn f = 	 (8.3-36)	

where	
dnf	 =	 Amount	of	trapped	gas	which	is	freed,	kg	

Of	this	gas,	only	a	fraction	k'	is	released	to	the	surface	without	becoming	retrapped	
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dtckkdn ¢=2 	 (8.3-37)	

where	
dn2	 =	 Amount	of	trapped	gas	that	is	released	to	the	fuel	surface		

The	total	amount	of	released	gas,	dn,	is	therefore	given	by	

dn=dn1+dn2 	 (8.3-38)	

or	upon	substitution	of	Eqs.	8.3-34,	8.3-35,	and	8.3-37	into	Eq.	8.3-38,	

( )dtnGtkkdtGkdn -¢+¢= 	 (8.3-39)	

Integration	of	Eq.	8.3-39	is	performed	to	give	

( )[ ]
þ
ý
ü

î
í
ì --

¢-
-= Kt
K
ktGn exp11

	
(8.3-40)	

where	

K	 =	 k¢k	 =	 Probability	that	trapped	gas	is	released	from	the	fuel	matrix	to	
the	fuel	surface	

Assuming	 that	 the	 reactor	 power	 history	 is	 described	 by	 a	 series	 of	 constant	 power	
steps,	the	amount	of	gas	released	during	a	constant	power	time	step	is	given	by	
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(8.3-41)	

where	
Δni	 =	 Amount	of	gas	released	during	time	step	Δti,	kg		

Gi	 =	 Fission-gas	generation	rate	during	time	step	Δti,	kg	s-1	

Δti	 =	 Time-step	duration,	s	

ci-1	 =	 Amount	of	trapped	gas	at	beginning	of	time	step,	kg	

𝑘r¹, 𝐾r	 =	 Defined	above,	but	evaluated	for	the	time	step	Δti	
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Equations	 for	 the	 terms	 k¢	 and	 K	 were	 developed	 during	 the	 calibration	 of	 the	
FRAP-S2	computer	code	[8-16].	

!k =exp −QA1 /T +QA2 −QA3 d( ) 	 (8.3-42)	

K =exp −QA4 /T +QA5( ) 	 (8.3-43)	

where	
T	 =	 Temperature,	K	

d	 =	 Percent	theoretical	density	of	the	fuel	

QAl,	QA2,	QA3,	QA4,	QA5	 =	 Input	constants	

8.3.4 Fuel	Swelling	
In	DEFORM-4,	the	as-fabricated	porosity	and	the	fission-gas-generated	porosity	are	

treated	 separately.	 The	 migration	 of	 the	 as-fabricated	 porosity	 can	 lead	 to	 either	
densification	or	swelling	of	 the	 fuel	depending	on	 local	conditions	 (see	Section	8.3.1).	
The	 newly	 formed	 porosity	 arising	 from	 fission-gas	 bubbles	 introduces	 additional	
porosity	that	may	be	in	a	nonequilibrium	condition,	depending	on	the	amount	of	gas	in	
the	bubbles,	the	local	hydrostatic	pressure,	and	the	fuel	surface	tension.	This	fission-gas	
porosity	may	increase	or	decrease	as	a	function	of	time,	producing	changes	in	the	fuel	
dimensions	through	swelling	or	densification.	These	changes	in	fuel	porosity	also	affect	
the	fuel	thermal	conductivity,	since	both	the	as-fabricated	and	fission-gas	porosity	are	
considered	in	the	porosity	terms.	In	addition	to	this	gas	effect,	the	solid	fission	products	
locate	themselves	interstitially	in	the	fuel	matrix,	causing	strains	that	produce	swelling.	
Both	these	effects	are	accounted	for	by	DEFORM-4.	

Swelling	 strains	may	occur	both	 axially	 and	 radially.	 In	 general,	 the	 axial	 swelling	
strains	 in	 oxide	 fuels	 are	 relatively	 small	 compared	 to	 the	 thermal	 expansion	 effects.	
However,	in	some	transients	the	differences	caused	by	including	the	axial	swelling	can	
be	enough	to	modify	the	accident	scenario.	For	this	reason,	and	to	provide	the	basis	for	
future	versatility,	axial	swelling	has	been	incorporated	into	DEFORM-4.	Radial	swelling	
is	important	because	of	the	effects	on	fuel-cladding	gap	size	and	mechanical	interaction.	
Both	effects	can	produce	large	differences	in	the	prediction	of	cladding	failure,	so	radial	
swelling	 is	also	 included	in	DEFORM-4.	These	fuel	swelling	considerations	are	treated	
in	the	subroutine	FSWELL.	

8.3.4.1 Nonequilibrium	Fission-gas	Bubbles	
The	 swelling	 rate	 due	 to	 fission	 gas	 depends	 on	 the	 release	 of	 the	 gas	 to	 grain	

boundaries	and	 formation	of	 fission-gas	bubbles.	Detailed	 treatments	 for	 this	process	
can	be	found	in	codes	such	as	FRAS	[8-14]	and	GRASS-SST	[8-13].	The	current	model	in	
DEFORM-4	is	much	simpler	and	phenomenological	on	a	more	macroscopic	level.	While	
fission	gas	exists	 in	both	the	fuel	matrix	and	on	grain	boundaries,	 it	 is	 the	bubbles	on	
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the	 grain	 boundaries	 that	 produce	 the	 significant	 swelling	 in	 oxide	 fuels.	 If	 these	
bubbles	 are	 underpressurized,	 a	 reduction	 in	 the	 bubble	 volume	 due	 to	 the	 fuel	
hydrostatic	 pressure	 will	 reduce	 the	 volume	 of	 a	 fuel	 cell.	 If	 the	 bubbles	 are	
overpressurized,	an	increase	in	bubble	size,	and	thereby	fuel	cell	volume	can	result.	To	
determine	 the	rate	of	swelling,	or	densification,	 the	mechanical	stresses	 (Section	8.2),	
internal	gas	pressure,	pressure	due	to	surface	tension,	and	the	creep	properties	of	the	
fuel	(Section	8.7.6)	must	be	known.	

While	fission	gas	exists	in	both	the	fuel	matrix	and	on	the	grain	boundaries,	it	is	the	
bubbles	 on	 the	 grain	 boundaries	 that	 produce	 significant	 swelling	 in	 oxide	 fuels.	
However,	the	actual	amount	of	gas	involved	and	its	distribution	changes	with	burnup.	
As	 discussed	 in	 Section	 8.3.3.1,	 DEFORM-4	 uses	 a	 fixed	 factor	 to	 distribute	 the	
generated	fission	gas	between	the	fuel	matrix	and	grain	boundaries.	However,	this	type	
of	 approach	 does	 not	 fully	 represent	 the	 gas	 mass	 associated	 with	 fuel	 swelling.	
Therefore,	 DEFORM-4	 uses	 a	 burnup	 dependent	 parameter.	 FGMIN,	 to	 specify	 the	
amount	of	 fuel	matrix	 retained	gas	 to	associate	with	 the	 fission	gas	 induced	swelling.	
Figure	8.3-1	shows	the	recommended	curve	for	this	fission	gas	parameter.		

The	treatment	of	the	bubble	gas	pressure	and	surface	tension	follows	that	found	in	
the	LIFE	code	[8-7].	This	approach	is	macroscopic	in	nature	and	the	constants	used	are	
based	on	the	calibration	of	LIFE.	The	swelling	rate	of	 these	bubbles	 is	estimated	from	
the	fuel	creep	function.	Swelling	causes	changes	in	the	stress	state	of	the	fuel	because	
the	changes	 in	geometry	produce	changes	 in	 the	boundary	conditions.	But	changes	 in	
stress	 states	 also	 produce	 changes	 in	 the	 swelling	 through	 changes	 in	 hydrostatic	
pressures.	The	swelling	and	mechanical	responses	are	closely	coupled.	For	this	reason,	
the	 swelling	 calculation	 in	DEFORM-4	 has	 been	 incorporated	within	 the	 iterations	 to	
find	 the	set	of	conditions	 that	bring	about	consistency	between	 the	 fuel	and	cladding.	
Swelling	 and	 mechanical	 strains	 are	 stored	 separately,	 but	 calculated	 considering	
mutual	influences.	The	strains	due	to	swelling/hot	pressing	of	the	fuel	are	added	to	the	
total	mechanical	deformation	at	the	end	of	each	time	step.	
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Figure	8.3-1.	DEFORM-4	Fission	Gas	Parameter	FGMIN	
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The	 pressure	 in	 the	 bubble	 necessary	 to	 balance	 the	 surface	 tension	 is	
parameterized	as	

Pγ =Apg e
Qpg /RT( ) 	 (8.3-44)	

where	
Pγ	 =	 Pressure	due	to	surface	tension	effects,	Pa	

Apg	 =	 Pre-exponential	calibration	constant,	Pa	

Qpg	 =	 Exponential	calibration	constant,	J(g-mole)-1	

T	 =	 Temperature,	K	

R	 =	 Ideal-gas	constant,	J	k-1(g-mole)-1	

If	 the	 bubbles	 are	 assumed	 to	 be	 spherical,	 the	 relationship	 between	 surface	 tension	
pressure	and	bubble	radius	can	be	determined.	

g

g
P

rB
2

=
	

(8.3-45)	

where	
rB	 =	 Average	fission-gas	bubble	radius,	m		

γ	 =	 Surface	tension,	N/m	

The	internal	fission-gas	bubble	pressure,	Pfg,	is	determined	by	the	ideal-gas	law.	

fgfgfg VRTMP /= 	 (8.3-46)	

where	
Pfg	 =	 Pressure	inside	the	fission	gas-bubble,	Pa	

Mfg	 =	 Moles	of	fission	gas	in	the	bubbles	

R	 =	 Ideal-gas	constant	

T	 =	 Temperature,	K	

Vfg	 =	 Volume	of	fission-gas	bubbles	in	the	cell,	m3	
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The	hydrostatic	pressure	of	 the	 fuel,	Pσ,	 is	determined	 from	the	stress	state	 in	 the	
fuel	 cell.	 The	 input	 parameter	 IPSIG	 determines	 the	 assumption	 used	 to	 define	 this	
pressure	according	to	the	following	table.	

IPSIG	 Definition	of	Pσ	
1	 -	σr	
2	 -	1/2	(σr	+	σθ)	
3	 -	1/3	(σr	+	σθ	+	σz)	

The	 imbalance	between	the	bubble	pressure	and	the	external	pressures	 is	used	to	
determine	the	effective	creep	rate	of	the	fuel	for	swelling	effects.	

sg PPPP fg --=D 	 (8.3-47)	

where	
ΔP	 =	 Pressure	differential	

Pfg	 =	 Pressure	in	the	bubbles	

Pγ	 =	 Surface	tension	pressure	

Pσ	 =	 Hydrostatic	pressure	

If	 the	 differential	 is	 positive,	 the	 bubbles	 will	 expand,	 swelling	 the	 fuel	 cell.	 If	 it	 is	
negative,	 the	 bubbles	 will	 contract,	 densifying	 the	 fuel	 cell.	 The	 process	 assumed	 to	
control	the	rate	of	these	volume	changes	is	the	creep	properties	of	the	fuel	in	the	cell.	

There	 is	 a	 bubble	 volume	 that	 would	 cause	 Eq.	 8.3-47	 to	 become	 zero.	 The	
equilibrium	 volume,	 Ve,	 is	 found	 by	 assuming	 the	 pressure	 differential	 is	 zero.	 To	
achieve	 this,	 the	 bubble	 pressure	 must	 balance	 the	 surface	 tension	 and	 hydrostatic	
pressures.	

sg PPPfg += 	 (8.3-48)	

Equation	8.3-46	 is	 substituted	 into	Eq.	8.3-48	and	 the	result	 rearranged	 to	determine	
the	fission-gas	bubble	equilibrium	volume,	Vo	

Vc =
M fg RT
Pγ +Pσ( ) 	

(8.3-49)	

If	all	volume	changes	took	place	 instantaneously,	 this	would	be	the	 fission-gas	bubble	
volume.	However,	it	is	assumed	that	the	fuel	creep	properties	define	the	rate	of	change	
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of	the	volume	and	the	driving	force	is	the	pressure	differential.	The	following	equation	
is	therefore	assumed	to	define	the	bubble	volume	rate	of	change.	

dVg
dt

=
Vc −Vg( )
τ c 	

(8.3-50)	

where	
Vg	 =	 Fission-gas	bubble	volume,	m3	

Ve	 =	 Equilibrium	fission-gas	bubble	volume,	m3	

τc	 =	 Fuel	creep	time	constant,	s	

t	 =	 Time,	s	

The	 fuel	creep	time	constant,	τc,	 is	defined	as	 the	 inverse	of	 the	 fuel	creep	rate	 in	 the	
fuel	 cell	 under	 consideration	 with	 the	 pressure	 differential	 as	 the	 driving	 force.	
Integrating	 Eq.	 8.3-50	 over	 the	 time	 step,	 Δt,	 and	 rearranging	 to	 find	 the	 fission-gas	
bubble	volume	at	the	end	of	the	time	step	results	in	the	following.	

Δ𝑉� t + Δ𝑡 = 𝑉¾ 1 − 𝑒s
¿
ÀÁ + 𝑉� 𝑡 	𝑒

s¿ÀÁ 	 (8.3-51)	

The	change	in	volume	over	the	time	step,	ΔVs(Δt),	is	found	by	subtracting	the	volume	at	
the	beginning	of	the	time	step,	Vg(t)	from	both	sides	of	Eq.	8.3-51.	

Δ𝑉� Δ𝑡 = 𝑉¾ − 𝑉� 𝑡 1 − 𝑒s
¿
ÀÁ 	 (8.3-52)	

Equation	8.3-52	gives	the	total	volume	change	for	a	particular	radial	cell	during	the	
time	step.	When	this	change	in	volume	takes	place,	part	of	it	is	radial	volume	expansion,	
typically	 2/3,	 and	 the	 rest	 takes	 place	 axially.	 The	 radial	 component	 is	 handled	
nominally	through	the	redefinition	of	the	cell	boundaries.	The	axial	component	requires	
special	consideration	because	of	the	assumption	of	generalized	plane	strain.	Each	radial	
cell	will	produce	a	different	axial	 strain	due	 to	 the	 swelling	process.	A	plane	 strain	 is	
determined	 that	 moves	 the	 same	 mass	 of	 fuel	 across	 the	 original	 axial	 segment	
boundary.	

𝛥𝑉�,r = 𝑓�	𝛥𝑉�	 (8.3-53)	

where	
ΔVs,i	 =	 Volume	change	due	to	swelling	for	radial	node	i,	m3.	

fa	 =	 Fraction	of	total	swelling	taking	place	axially.	
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This	change	would	result	in	a	new	axial	segment	length.	

ΔVs,i =Δhs,i π ri=1
2 −ri

2( ) 	 (8.3-54)	

where	
Δhs,i	 =	 Axial	segment	length	change	from	swelling,	m	

ri+1	 =	 Outer	radius	of	radial	cell	i	after	swelling	is	included,	m	

ri	 =	 Inner	radius	of	radial	cell	i	after	swelling	is	included,	m.	

Combining	 Eqs.	 8.3-53	 and	 8.3-54,	 the	 segment	 length	 change	 for	 radial	 cell	 i	 can	 be	
found	

Δhs,i =
fa ΔVs

π ri+1
2 −ri

2( ) 	
(8.3-55)	

The	axial	strain	for	the	cell	can	then	be	found	

h
h

Z is
is

,
,

D
=

	
(8.3-56)	

where	
h	 =	 Axial	segment	length	at	beginning	of	time	step,	m	

The	fraction	of	the	fuel	mass	that	has	moved	from	the	original	segment	 length,	h,	 into	
the	additional	length,	Δhs,i,	is	the	ratio	of	the	length	change	to	the	new	length,	assuming	
uniform	mass	distribution	within	the	segment	

is

is
i hh

h
F

,

,

D+
D

=
	

(8.3-57)	

where	
Fi	 =	 Fraction	of	original	cell	mass	moved	into	length	Δhs,i.	

Using	 Eqs.	 8.3-56	 and	 8.3-57,	 this	mass	 fraction	 can	 be	 defined	 in	 terms	 of	 the	 axial	
strain	

is

is
i z

z
F

,

,

1+
=

	
(8.3-58)	

The	total	mass	movement	across	the	original	boundary	can	therefore	be	determined	
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å
=

=
tN

i
iiaT MFM

1 	
(8.3-59)	

where	
MaT	 =	 Total	fuel	mass	moved	out	of	original	segment	length,	kg		

Mi	 =	 Fuel	mass	in	radial	cell	i		

Nt	 =	 Total	number	of	radial	cells	

A	generalized	axial	swelling	strain	using	Eqs.	8.3-58	and	8.3-59	can	now	be	defined	that	
gives	this	same	mass	transfer.	

T
AS

as
aT M

z
z

M
,

,

1+
=

	
(8.3-60)	

where	
zs,a	 =	 Generalized	axial	swelling	strain		

MT	 =	 Total	mass	in	the	axial	segment	

Solving	Eq.	8.3-60	yields	 the	desired	 result	of	 an	axial	 strain	 that	 is	uniform	over	 the	
radial	cross	section,	but	produces	the	same	mass	movement	as	the	sum	of	the	individual	
radial	cell	components	

aTT

aT
as MM

Mz
-

=,
	

(8.3-61)	

These	 fission	 gas	 bubble	 swelling	 considerations	 are	 handled	 by	 the	 subroutine	
FSWELL.	

8.3.4.2 Solid	Fission-product	Swelling	
In	 addition	 to	 the	 gaseous	 fission-product	 swelling,	 there	 is	 solid	 fission-product	

swelling	 from	 products	 such	 as	 zirconium,	 niobium,	 molybdenum,	 the	 rare	 earths,	
yttrium,	etc.	A	detailed	treatment	of	these	solid	fission	products,	which	considered	their	
physical	 and	 chemical	 state	 to	 determine	 the	 partial	 volumes,	would	 yield	 the	 lattice	
strain	 created.	 This,	 together	 with	 the	 isotopic	 yields	 from	 fission,	 would	 result	 in	 a	
mechanistic	 estimate	 of	 solid	 product	 swelling.	 This	 type	 of	 treatment	 requires	more	
computational	resources	than	are	warranted	for	the	magnitude	of	the	phenomenon.	

A	simpler	model	is	assumed	which	relates	the	fractional	volume	change	to	the	fuel	
burnup.	
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(8.3-62)	

where	

SPV
V
÷
ø
ö

ç
è
æ D

	 =	 Fractional	volume	change	due	to	solid	fission	products		

sfpe! 	 =	 Solid	 fission-product	 swelling	 rate	 parameter,	 (ΔV/V)	 (atom	 %	
burnup)-1		

B	 =	 Fuel	burnup,	atom	%	

Due	 to	 uncertainties	 in	 the	 thermodynamic	 state	 and	migration	 characteristics	 of	 the	

products,	the	value	of	 sfpe! 	is	specified	by	an	input	parameter.	
The	 volume	 changes	 from	 solid	 product	 changes	 are	 included	 with	 those	 of	 the	

volatile	 products	when	 determining	 the	 changes	 in	 fuel	 volume	 that	may	 change	 the	
fuel-cladding	 interface	conditions.	However,	 this	volume	change	 is	not	affected	by	 the	
local	 hydrostatic	 pressure	 and	 therefore	 remains	 a	 constant	 through	 the	 iterations	
mentioned	in	the	previous	section	and	discussed	at	length	in	Section	8.5.	

8.3.5 Irradiation-induced	Cladding	Swelling	
When	20%	cold-worked	316	stainless	steel	material	 is	 irradiated	in	a	 fast	neutron	

flux,	 there	 is	 a	 temperature-	 and	 flux-dependent	 reduction	 in	 density	 through	 the	
formation	 of	 irradiation-induced	 voids.	 The	 model	 in	 DEFORM-4	 is	 based	 on	 an	
empirical	 correlation	 corresponding	 to	 stress-free	 swelling	 in	 the	 Nuclear	 Systems	
Material	Handbook	[8-17].	The	volume	change	is	represented	by	

å-
å

=
D

1V
V

	
(8.3-63)	

where	
∑	 =	 Negative	fractional	density	change	

=
𝜌u − 𝜌g
𝜌g

	 (8.3-64)	

ρf	 =	 Final	immersion	density	

ρo	 =	 Initial	immersion	density	

To	find	the	change	during	the	time	step,	the	derivative	of	Eq.	8.3-63	is	
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(8.3-65)	

The	correlation	represents	two	characteristics	of	irradiation-induced	swelling	based	
on	experimental	findings.	First,	the	rate	of	swelling	for	20%	cold-worked	316	stainless	
steel	is	temperature	sensitive.	Second,	there	appears	to	be	an	incubation	period	during	
which	little	change	in	density	is	observed.	The	form	given	in	the	NSMH	for	the	negative	
fractional	density	change	is	

∑=R T( ) φ t+ 1
α
ln
1+exp α τ −φ t( )#$ %&
1+exp ατ( )
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	 (8.3-66)	

where	
R(T)	 =	 Temperature-dependent	rate	parameter	

𝜙	 =	 Fast	neutron	flux	

t	 =	 Time	

α	 =	 Calibration	constant	

τ	 =	 Incubation	parameter	

The	derivative	of	Eq.	8.3-66	gives	

d∑
dt

=R t( )φ 1− 1
1+exp −α τ −φt( )#$ %&
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'
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(
	 (8.3-67)	

The	fractional	volume	change	is,	therefore,	determined	from	
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(8.3-68)	

The	swelling	 is	assumed	to	be	 isotropic	and	always	outward.	The	new	cross	sectional	
area,	A,	is	calculated	assuming	1/3	of	the	volume	change	takes	place	axially.	

A t+Δt( )=π ro
2 t+Δt( )−ri2 t+Δt( )#$ %&=π ro
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(8.3-69)	
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where	
A	 =	 Cross-sectional	area		

ro(t),	ro(t+Δt)	=	 Outer	radius	at	the	beginning	and	end	of	the	time	step	

ri(t),	ri(t+Δt)	 =	 Inner	radius	of	the	beginning	and	end	of	the	time	step	

The	new	inner	radius	is	calculated	from	

ri t+Δt( )=ri t( ) 1+
1
3
ΔV
V

"

#
$

%

&
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+
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(8.3-70)	

The	forms	given	for	the	rate	and	incubation	parameter	are	given	below.	

R T( ) = 0.01 exp 0.0419+1.498β+0.122β 2 −0.332β 3−0.441β 4( )"
#

$
% 	 (8.3-71)	

τ =4.742− 0.2326β+2.717β 2 	 (8.3-72)	

75.0=a 	 (8.3-73)	

where	
β	 =	 (T	-	500)/1000	

T	 =	 Temperature,	°C	

The	rate,	R,	and	incubation,	τ,	parameters	needed	in	Eq.	8.3-67	have	several	options	
which	 are	 controlled	 through	 the	 input	 parameters	 IRATE	 and	 ITAU.	 The	 confidence	
limits	on	the	use	of	these	equations	suggest	the	use	of	upper	and	lower	bounds	on	R	and	
τ.	 Nominal	 values	 are	 obtained	 with	 no	 multipliers	 to	 these	 parameters.	 The	 input	
parameters	 IRATE	 and	 ITAU	 can	 be	 used	 to	 select	 the	 specified	 bound	 as	 illustrated	
below.	Input	values	of	zero	give	the	nominal	parameters.	If	cladding	swelling	does	not	
occur,	the	values	of	ITAU	and	IRATE	can	be	set	to	bypass	the	swelling	calculation.	
Limits	on	steady-state	swelling	rate	parameter,	R:	

Upper	bound	(IRATE	=	1)	

F=1.3+2.5exp − T −350( )2 x10−4"
#

$
%+1.7exp − T − 650( )2 ×10−3"

#
$
% 	 (8.3-74)	

where	

T	 =	 Temperature,	°C	
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FRRu ´= 	 (8.3-75)	

Lower	bound	(IRATE	=	-1)		

70.01 ´=RR 	 (8.3-76)	

No	swelling	(IRATE	=	-2)	
Limits	on	incubation	parameter	τ:	

Upper	bound	(ITAU	=	1)	

30.1´=tt u 	 (8.3-77)	

Lower	bound	(ITAU	=	-1)	

70.01 ´=tt 	 (8.3-78)	

No	swelling	(ITAU	=	-2)	

These	equations	are	solved	in	the	subroutine	CLADSW.	

8.3.6 Fission-gas	Plenum	Pressure	
As	 the	 volatile	 fission	 products	 are	 released	 from	 the	 fuel,	 they	 enter	 the	 free	

volume	associated	with	 the	 fuel	pin	and	are	assumed	to	mix	homogeneously	with	 the	
gases	 already	 present.	 The	 free	 volumes	 considered	 are	 the	 fabricated	 fission	 gas	
plenum,	 the	 central	 fuel	 void	 not	 associated	 with	 a	 central	 molten	 fuel	 cavity,	 the	
fuel-cladding	 gap,	 and	 the	 crack	 volume	 within	 the	 fuel.	 A	 homogeneous	 ideal-gas	
mixture	that	is	in	pressure	equilibrium	is	assumed	to	form.	

The	total	number	of	moles	of	fission	gas	and	helium	is	known	prior	to	the	pressure	
calculation,	although	the	distribution	is	not	known.	

nT =nT
fp +nT

He

	 (8.3-79)	

where	
nT	 =	 Total	moles	of	gas	
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nT
fp
	 =	 Moles	of	fission	product	gas	

He
Tn 	 =	 Moles	of	helium	

The	 amount	 of	 helium	 is	 known	 from	 the	 fill	 gas	 pressure,	 the	 fraction	 that	 is	 not	
helium,	and	the	reference	temperature	geometry.	The	amount	of	helium	also	contains	
the	amount	released	as	porosity	migration	occurs	(Section	8.3.1).	The	number	of	moles	
of	 fission	gas	 is	known	from	the	fission	gas	release	calculation	(Section	8.3.3)	and	the	
non-helium	initial	fill	gas.	

If	all	the	free	volume	exists	at	the	same	pressure,	Pg,	then	the	number	of	moles	of	gas	
at	any	specific	free	volume	location	can	be	determined	from	the	ideal	gas	law.	

÷÷
ø

ö
çç
è

æ
=

i

ig

T
V

R
P

n1
	

(8.3-80)	

where	
ni	 =	 Moles	of	gas	in	free	volume	i		

Pg	 =	 Pressure	of	the	gas,	Pa	

R	 =	 Ideal-gas	constant,	J	K-1	(g-mole)-1	

Vi	 =	 Volume	of	free	volume	i,	m3	

Ti	 =	 Temperature	of	free	volume	i,	K	

This	basic	relationship	can	be	used	to	determine	the	moles	of	gas	associated	with	the	
types	of	 free	volumes	 listed	above.	For	 the	plenum,	 there	exists	only	one	volume	and	
temperature.	

÷
÷
ø

ö
ç
ç
è

æ
=

p

pg
p T

V
R
P

n
	

(8.3-81)	

where	
np	 =	 Total	number	of	moles	in	the	plenum	

Vp	 =	 Volume	of	the	fission	gas	plenum,	m3	

Tp	 =	 Temperature	of	the	fission	gas	plenum,	K	

The	central	fuel	void	may	exist	over	a	number	of	axial	segments	due	to	as-fabricated	
porosity	 or	 the	 fuel	 initially	 fabricated	 with	 a	 central	 hole.	 Therefore,	 each	 axial	
segment	contributes	to	the	number	of	moles.	



The	SAS4A/SASSYS-1	Safety	Analysis	Code	System	

8-56	 	 ANL/NE-16/19	

÷
÷
ø

ö
ç
ç
è

æ
= å

=

MZ

j jv

jvg
v T

V
R
P

n
1 ,

,

	
(8.3-82)	

where	
nv	 =	 Total	number	of	moles	in	central	void	

Vv,j	 =	 Volume	of	central	void	in	axial	segment	j,	m3	

Tv,j	 =	 Temperature	of	the	central	void	in	axial	segment	j,	K	

MZ	 =	 Number	of	axial	nodes	

If	 an	 axial	 segment	 has	 a	 central	 void	 included	 as	 part	 of	 the	 molten	 cavity,	 its	
contribution	is	not	included	in	Eq.	8.3-82.	

The	 fuel-cladding	 gap	 can	 also	 contain	 the	 released	 gases.	 It	 also	 exists	 over	 a	
number	 of	 axial	 nodes,	 and	 its	 contribution	 to	 the	 total	moles	 of	 gas	 is	 a	 summation	
over	all	axial	segments.	

÷
÷
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ç
ç
è

æ
= å
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jgg
g T

V
R
P

n
1 ,

,

	
(8.3-83)	

where	
ng	 =	 Total	number	of	moles	in	fuel-cladding	gap	

Vg,j	 =	 Volume	of	fuel-cladding	gap	in	axial	segment	j,	m3	

Tg,j	 =	 Temperature	of	the	fuel-cladding	gap,	K		

	 =	 0.5	(Tf,j	+	Tc,j)	

Tf,j	 =	 Fuel	surface	temperature	in	axial	segment	j,	K	

Tc,j	 =	 Inner	cladding	surface	temperature	in	axial	segment	j,	K	

The	volume	associated	with	the	crack	volume	requires	a	summation	over	both	the	
radial	extent	of	cracking	and	the	axial	segments.	In	a	given	axial	segment,	the	volumes	
and	temperatures	change	with	the	radius.	

ú
ú
û

ù

ê
ê
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é
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(8.3-84)	

where	
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nk	 	=	Total	number	of	moles	in	the	crack	volume	

Vk,i,j	 	=	Volume	of	cracks	in	radial	cell	i	of	axial	segment	j,	m3	

Tk,i,j	 =	 Temperature	of	fuel	in	radial	cell	i	of	axial	segment	j,	K		

IETA	 =	 Innermost	cracked	fuel	node	

NT	 =	 Total	number	of	radial	fuel	nodes	

It	is	assumed	that	the	gas	in	the	cracks	of	the	fuel	is	in	thermal	equilibrium	with	the	fuel	
in	the	same	cell.	

Since	 the	 total	 number	 of	 moles	 must	 reside	 in	 the	 free	 volumes	 considered,	
Eq.	8.3-79	can	be	combined	with	Eqs.	8.3-81	through	8.3-84	

nT =
Pg
R

Vp

Tp

Vv, j
Tv, j

+
j=1

MZ

∑
Vg, j
Tg, j

+
j=1

MZ

∑
j=1

MZ

∑
Vk,i, j
Tk.i, ji=IETA

NT

∑
"

#
$$

%

&
''

(

)
*
*

+

,
-
- 	

(8.3-85)	

Everything	in	Eq.	8.3-85	is	known	except	the	gas	pressure,	therefore	the	equation	can	
be	solved	to	find	the	pressure.	

Pg =
nT R

Vp

Tp

Vv, j
Tv, j

+
Vg, j
Tg, j

+
Vk,i, j
Tk,i, ji=IETA

NT

∑
"

#
$$

%

&
''

j=1

MZ

∑
(

)
*
*

+

,
-
- 	

(8.3-86)	

Once	the	uniform	pressure	has	been	determined	from	Eq.	8.3-86,	and	using	the	known	
ratio	of	fission	product	moles	to	helium	moles	with	Eq.	8.3-79,	the	number	of	moles	of	
fission	gas	and	helium	can	be	found	in	any	of	the	free	volumes.	

These	calculations	are	performed	in	the	subroutine	PRESPL.	

8.3.7 Molten	Cavity	Pressurization	
Prior	 to	 fuel	melting,	 the	 central	 void	 and	 plenum	 are	 assumed	 to	 be	 in	 pressure	

equilibrium.	Once	melting	has	begun,	DEFORM-4	provides	for	three	different	methods	
for	calculating	 the	molten	cavity	pressure:	 (1)	 the	cavity	under	consideration	extends	
axially	 only	 over	 the	 range	 of	 segments	 where	 melting	 has	 occurred,	 (2)	 the	 cavity	
extends	 over	 all	 axial	 segments,	 and	 (3)	 each	 axial	 segment	 is	 considered	 a	 separate	
cavity.	These	options	are	controlled	by	the	input	variable	IMELTV.	

IMELTV	 Description	
0	 Molten	cavity	extends	only	over	the	axial	extent	of	fuel	melting	
1	 Molten	cavity	extends	over	all	axial	segments	
2	 Each	axial	segment	treated	as	a	separate	control	volume	
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If	 a	 central	 void	 exists	 before	 fuel	melting,	 then	 the	 first	 two	 options	 give	 similar	
results.	The	second	option	presents	a	more	mechanistic	approach	to	the	molten	cavity.	
As	melting	begins,	 it	 is	expected	that	communication	would	exist	all	along	the	central	
void.	As	 the	available	volume	 for	 the	helium	and	 fission	gas	associated	with	one	axial	
segment	 is	 decreased	 because	 of	 fuel	melting	 and	 thermal	 expansion,	 the	 excess	 gas	
would	move	 to	 other	 segments	 to	 produce	 a	 balanced	 pressure	 all	 along	 the	 central	
void.	This	model	assumes	 that	 the	 transient	 time	scales	are	 long	enough	to	allow	this	
redistribution	process.	

The	 third	option	 is	 included	 for	 the	 study	of	 extremely	 fast	 transients.	 If	 the	 time	
scale	 is	 short	 enough	 to	 preclude	material	 redistribution,	 then	 each	 axial	 segment	 is	
assumed	to	act	as	a	separate	molten	cavity.	A	separate	pressure	is	calculated	for	each	
segment,	 and	 axial	 pressure	 differentials	 are	 produced.	 The	 effects	 of	 these	 axial	
differentials	 on	 the	 radial	mechanics	 solution	 in	 the	 cladding	 can	 then	 be	 studied	 to	
determine	the	sensitivity	of	cladding	failure	location.	

In	 addition	 to	 these	 options,	 the	 effects	 of	 fuel	 moving	 into	 the	 cracks	 and	
pressurizing	 them	 to	 the	 same	 level	 as	 the	molten	 cavity	 can	 be	 studied	 through	 the	
input	parameter	IROR.	If	this	parameter	is	set	to	1,	the	crack	volume	is	included	in	the	
molten	cavity	volume	and	the	cavity	pressure	acts	directly	on	the	cladding,	see	Section	
8.2.3.	Because	DEFORM-4	does	not	consider	mass	transport	between	axial	segments	or	
radial	 cells,	 the	 actual	movement	 of	 fuel	 cannot	 take	 place.	 The	 consideration	 of	 the	
crack	volume	does	allow	the	macroscopic	effect	of	volume	increase	in	the	molten	cavity	
by	movement	of	molten	fuel	out	of	the	cavity	into	crack	volume	to	be	considered.	

When	 the	 PINACLE	 module	 is	 initiated,	 which	 describes	 the	 pre-failure	 in-pin	
molten	 fuel	 relocation,	 it	 provides	 the	 molten	 cavity	 pressure	 that	 is	 a	 boundary	
condition	for	the	DEFORM	calculation.	This	module	replaces	the	CAVITY	subroutine	in	
DEFORM.	 DEFORM	 and	 PINACLE	 work	 interactively	 with	 PINACLE	 providing	 the	
temperatures	and	molten	cavity	pressures	for	DEFORM,	and	DEFORM	determining	the	
fuel	pin	thermal/mechanical	response	to	changes	in	these	conditions	and	returning	to	
PINACLE	the	new	axial	and	radial	node	locations.	

The	following	calculations	are	performed	in	the	subroutine	CAVITE.	

8.3.7.1 Incremental	Melt	Fraction	Ratio	
The	radial	extent	of	the	molten	cavity	is	determined	by	the	relationship	between	the	

radial	cell	 temperature	and	the	solidus	 temperature.	Melting	of	 the	cell	 is	assumed	to	
begin	 when	 the	 solidus	 temperature	 is	 reached,	 and	 be	 complete	 when	 the	 liquidus	
temperature	is	attained.	

fm.i t+Δt( )=
T2,i −Ts( )
T −Ts( ) 	

(8.3-87)	

where	
fm,i	 =	 Melt	fraction	of	radial	cell	i	
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t	 =	 Time	at	beginning	of	the	time	step,	s	

Δt	 =	 Time	step	length,	s	

T2,i	 =	 Temperature	of	radial	cell	i	at	end	of	time	step,	K	

TS	 =	 Solidus	temperature,	K	

Tl	 =	 Liquidus	temperature,	K	

As	the	cell	melts,	the	amount	of	material	considered	to	be	in	the	molten	region	of	the	
cell	is	directly	related	to	the	melt	fraction,	fm,i.	However,	the	original	fission	gas	content,	
etc.,	 is	not	saved	from	one	time	step	to	the	next,	but	the	values	at	 the	end	of	 the	time	
step	 are	 determined,	 so	 a	 simple	 relationship	 between	 melt	 fraction	 change	 and	
material	distribution	between	the	molten	state	vs	the	solid	state	based	on	the	current	
melt	fraction	cannot	be	used.	It	is	necessary	to	develop	an	approach	based	on	the	solid	
fuel	quantities	at	the	beginning	of	the	time	step	and	the	melt	fraction	change	during	the	
time	step.	This	relationship	 is	known	as	 the	 incremental	melt	 fraction	ratio.	With	this	
approach,	 the	cell	 can	be	considered	 to	melt	 into	 the	molten	cavity	 in	an	 incremental	
fashion	rather	than	adding	the	node	to	the	cavity	all	at	one	time	when	some	arbitrary	
melt	fraction	has	been	reached.	

Prior	 to	 melting,	 a	 radial	 cell	 contains	 some	 predetermined	 amount	 of	 a	 specific	
constituent	 that	 is	 important	 to	 the	 cavity	 pressurization,	 such	 as	 fission	 gas,	
as-fabricated	gas	and	volume,	crack	gas	and	volume,	etc.	At	the	first	step	where	melting	
occurs,	some	part	of	this	is	transferred	from	the	solid	region	into	the	molten	region.	

𝐹È,r 1 = 	𝐹È,r	×	𝐹�,r	 (8.3-88)	

𝐹�,r 1 = 	𝐹g,r	×	 1 − 𝑓È,r 1 	 (8.3-89)	

where	
Fm,i(1)	 =	 Amount	 of	 constituent	 in	 the	molten	 region	 at	 end	 of	 time	 step	 1	 in	

radial	cell	i	

Fo,i	 =	 Total	amount	of	constituent	in	solid	fuel	prior	to	melting	

Fs,i(1)	 =	 Amount	of	constituent	remaining	in	solid	region	at	end	of	time	step	1	in	
radial	cell	i	

At	 end	 of	 the	 second	 time	 step	 with	 melting,	 the	 amounts	 in	 the	 molten	 and	 solid	
regions	are	related	to	the	new	time	step	melt	fraction	

( ) ( )22 ,,, imioim fFF ´= 	 (8.3-90)	



The	SAS4A/SASSYS-1	Safety	Analysis	Code	System	

8-60	 	 ANL/NE-16/19	

𝐹�,r 2 = 	𝐹g,r	×	 1 − 𝑓È,r 2 	 (8.3-91)	

Equations	8.3-90	and	8.3-91	can	be	rewritten	in	terms	of	the	known	quantities	Fm,i(1)	
and	 Fs,i(1)	 rather	 than	 the	 now	 unknown,	 Fo,i	 by	 rearrangement	 of	 Eqs.	 8.3-88	 and	
8.3-89.	

𝐹È,r 2 = 	𝐹�,r(1)
𝑓È,r 2

1 − 𝑓È,r 1
		 (8.3-92)	

𝐹�,r 2 = 	𝐹�,r(1)
1 − 𝑓È,r 2
1 − 𝑓È,r 1

		 (8.3-93)	

As	the	process	continues,	the	relationship	between	the	constituents	and	melt	fractions	
at	a	specific	time	can	be	generalized.	

𝐹È,r t + Δt = 	𝐹�,r(𝑡)
𝑓È,r t + Δt
1 − 𝑓È,r t

		 (8.3-94)	

𝐹�,r t + Δt = 	𝐹�,r(𝑡)
1 − 𝑓È,r t + Δt
1 − 𝑓È,r t

		 (8.3-95)	

The	change	 in	 the	constituent	during	 the	 time	step	can	be	determined	by	subtracting	
the	results	of	two	time	steps	and	making	use	of	the	generalized	form	of	Eq.	8.3-89.	

𝛥𝐹�,r = 𝐹�,r t + Δt − 𝐹�,r t = 	−𝐹�,r(𝑡)
𝑓È,r t + Δt − 𝑓È,r t

1 − 𝑓È,r t
		 (8.3-96)	

ΔFs,i	 =	 Change	in	constituent	in	solid	fuel	in	radial	cell	i	that	takes	place	during	
the	time	step	

The	same	procedure	applied	to	the	change	 in	the	molten	region	constituent	results	 in	
the	negative	of	Eq.	8.3-96,	as	would	be	expected	for	conservation.	

The	considerations	 leading	 to	Eq.	8.3-96	define	what	 is	known	as	 the	 incremental	
melt	fraction	ratio.	

𝑅ÊËz =
𝑓È,r t + Δt − 𝑓È,r t

1 − 𝑓È,r t
	 (8.3-97)	

where	
RIMF	 =	 Incremental	melt	fraction	ratio	
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This	ratio	is	used	in	the	considerations	given	below.	

8.3.7.2 Gas	Release	on	Melting	
When	melting	begins	 in	 an	 axial	 segment,	 there	 are	 five	 constituents	 from	which	 gas	
and	volume	may	be	moved	 into	 the	molten	cavity:	 (1)	 the	 initial	 central	void,	 (2)	 the	
grain	 boundaries,	 (3)	 intragranular,	 (4)	 the	 as-fabricated	 porosity,	 and	 (5)	 the	 fuel	
cracks.	 Each	of	 these	 can	 affect	 the	molten	 cavity	pressurization	 through	 the	 gas	 and	
volume	associated	with	their	inclusion	and	will	be	described	below.	In	the	discussion	in	
the	next	five	sections,	each	constituent	is	treated	as	a	single	adjustment	to	the	cavity	gas	
and	volume	consideration,	while	in	actuality	they	are	accumulated	for	the	total	change	
to	the	cavity.	

8.3.7.2.1 Central	Void	Considerations	
Prior	to	melting,	the	central	void	is	considered	to	be	in	equilibrium	with	the	rest	of	

the	 free	 volume	 within	 the	 pin.	 The	 number	 of	 moles	 of	 helium	 and	 fission	 gas	
associated	with	the	central	void	in	each	axial	segment	varies	depending	on	the	volume,	
temperature,	and	pressure,	and	was	discussed	in	Section	8.3.6.	The	amount	of	this	gas,	
therefore,	changes	during	each	time	step	throughout	the	pretransient	and	transient	up	
to	fuel	melting	initiation.	

Upon	initial	melting,	 the	gas	associated	with	the	defined	central	molten	cavity,	see	
definition	 of	 IMELTV	 above,	 is	 fixed	 at	 its	 last	 value	 based	 on	 equilibrium	 with	 the	
plenum	 and	 associated	 free	 volume	 within	 the	 pin.	 This	 gas	 and	 its	 volume	 is	 then	
considered	 part	 of	 the	 molten	 cavity	 and	 is	 removed	 from	 the	 plenum	 pressure	
considerations.	 It	 is	 implicitly	 assumed	 that	 melting	 initiates	 the	 production	 on	 a	
molten	 cavity	 region,	 which	 acts	 as	 a	 bottle	 that	 does	 not	 communicate	 with	 the	
plenum.	

This	central	void	consideration	defines	 the	 initial	state	associated	with	the	molten	
cavity.	

8.3.7.2.2 Grain	Boundary	Gas	
As	described	in	Section	8.3.3	and	8.3.4	above,	the	fission	gas	is	assumed	to	exist	in	

grain	boundary	bubbles	that	cause	fuel	swelling,	and	intragranular	gas	within	the	fuel	
matrix.	 Upon	 fuel	 melting,	 the	 grain	 boundary	 gas	 and	 its	 volume	 is	 assumed	 to	 be	
released	immediately	into	the	molten	cavity.	Based	on	the	discussion	in	Section	8.3.7.1,	
Eqs.	 8.3-96	 and	 8.3-97	 can	 be	 used	 to	 determine	 the	 gas	 released	 from	 the	 grain	
boundary	to	the	molten	cavity.	

ΔMgb,i, j Δt( )= −Mgb,i, j t( )RIMF,i, j 	 (8.3-98)	

( ) ( )tMtM jigbgbc DD-=DD ,,, 	 (8.3-99)	

where	
ΔMgb,i,j(Δt)	 =	Change	in	moles	of	fission	gas	on	the	grain	boundary	during	the	time	step	in	radial	cell	i	of	axial	segment	j	
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Mgb,i,j(t)	 =	 Moles	of	 fission	gas	on	 the	grain	boundary	at	beginning	of	 the	 time	
step	for	radial	cell	i	of	axial	segment	j		

ΔMc,gb(Δt)	 =Moles	of	fission	gas	added	to	the	molten	cavity	from	the	grain	boundaries	during	the	time	step		

RIMF,i,j	 =	 Incremental	melt	fraction	ratio	for	radial	cell	i	of	axial	node	j	

The	 volumes	 associated	with	 the	 grain	 boundary	 gas	 is	 assumed	 to	 be	moved	 to	 the	
molten	cavity	in	the	same	proportion	as	the	moles.	

( ) ( ) jiIMFjigbijigb RtVtV ,,,,,, -=DD 	 (8.3-100)	

ΔVc,gb Δt( )= −ΔVgb,i, j Δt( ) 	 (8.3-101)	

where	
ΔVgb,i,j(Δt)	 =Change	in	volume	of	the	fission	gas	on	the	grain	boundaries	during	the	time	step	in	radial	cell	i	of	axial	segment	j,	m3	

Vgb,i,j(t)	 =	 Volume	of	gas	on	grain	boundaries	at	beginning	of	the	time	step	for	
radial	cell	i	of	axial	segment	j,	m3	

ΔVc,gb(Δt)	=	 Volume	 added	 to	 molten	 cavity	 from	 grain	 boundaries	 during	 the	
time	step,	m3	

As	a	cell	progresses	from	initial	melting	to	fully	molten,	all	the	grain	boundary	gas	and	
volume	is	moved	into	the	molten	cavity.	

Equations	8.3-98	through	8.3-101	all	refer	to	a	single	radial	node.	The	total	amount	
of	 gas	 and	 volume	moved	 into	 association	with	 the	molten	 cavity	 is	 found	 through	 a	
summation	of	 these	equations	over	all	melting	radial	cells	at	all	axial	segments	 in	 the	
cavity.	Combining	Eqs.	8.3-98	and	8.3-99,	and	Eq.	8.3-100	and	8.3-101,	

ΔMc,gb
T =

j= jcavb

jcavt

∑ Mgb,i, j t( )×RIMF,i, j( )
i=1

iz−1

∑
%

&
'

(

)
*
	

(8.3-102)	
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(8.3-103)	

where	
T
gbcM ,D 	 =	 Total	moles	of	gas	added	 to	molten	cavity	 from	 the	grain	boundaries	

during	the	time	step		

T
gbcV ,D 	 =	 Total	volume	of	grain	boundary	gas	added	to	molten	cavity	during	the	
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time	step,	m3	

jcavb	 =	 Axial	segment	number	at	bottom	of	molten	cavity	

jcavt	 =	 Axial	segment	number	at	top	of	molten	cavity	

iz	 =	 Radial	 boundary	 number	 that	 defines	 the	 boundary	 between	 the	
molten	and	solid	region	

8.3.7.2.3 Intra-Granular	Gas	
While	the	grain	boundary	gas	is	assumed	to	move	instantaneously	into	the	molten	

cavity,	 the	 intragranular	 gas	 is	 assumed	 to	 be	 tied-up	 in	 very	 small	 bubbles	 or	
interstitially	 located,	so	a	 time	 is	required	 for	 the	coalescence	and	buoyancy	 forces	 to	
release	 this	 gas	 into	 the	 cavity.	 Therefore,	 there	 can	be	 gas	 in	 the	molten	 fuel	 region	
which	has	not	been	released	into	the	molten	cavity.	

The	intra-granular	gas	is	transferred	from	the	solid	fuel	into	the	molten	fuel	based	
on	the	considerations	presented	in	Section	8.3.7.1.	

( ) ( ) jiIMFjiigigm RtMtM ,,,,, -=DD 	 (8.3-104)	

Mig,i, j t+Δt( )=Mig,i, j t( )−ΔMm,ig Δt( ) 	 (8.3-105)	

Mm,ig t+Δt( )=Mm,ig t( )+ΔMm,ig Δt( ) 	 (8.3-106)	

where	
ΔMm,ig(Δt)	 =	 Moles	of	intra-granular	fission	gas	transferred	from	the	solid	to	

the	molten	fuel	during	the	time	step	for	the	radial	cell	

Mig,i,j(t)	 =	 Moles	of	intra-granular	fission	gas	at	beginning	of	the	time	step	
in	radial	cell	i	of	axial	segment	j	

Mig,i,j(t+Δt)	 =	 Moles	of	intra-granular	fission	gas	at	end	of	time	step		

Mm,ig(t+Δt)	 =	 Moles	of	gas	retained	in	molten	fuel	at	end	of	time	step	

The	 intra-granular	 gas	 is	 assumed	 to	 have	 no	 volume	 associated	 with	 it,	 so	 no	
volume	movement	occurs.	

The	release	of	the	gas	retained	within	the	molten	fuel	to	the	molten	cavity	through	
coalescence	 and	 buoyancy	 effects	 is	 assumed	 to	 occur	 at	 a	 rate	 proportional	 to	 the	
amount	of	gas	present.	



The	SAS4A/SASSYS-1	Safety	Analysis	Code	System	

8-64	 	 ANL/NE-16/19	

igmg
igm M

dt
dM

,
, t-=

	
(8.3-107)	

where	
τg	 =	 Time	constant	for	coalescence	release,	s-1	

Equation	 8.3-107	 is	 integrated	 over	 the	 time	 step	 to	 determine	 the	 release	 from	 the	
molten	fuel	to	the	molten	cavity.	

ΔMc,ig Δt( )=Mm,ig t+Δt( ) 1−exp −Δt × τ g( )$% &' 	
(8.3-108)	

( ) ( ) ( )tMttMttM igcigmigm DD-D+=D+¢D ,,, 	 (8.3-109)	

where	
ΔMc,ig(Δt)	 =	 Moles	 of	 intra-granular	 gas	 added	 to	molten	 cavity	 during	 the	

time	step		

𝑀È,r�
¹ (𝑡 + 𝛥𝑡)	=	 Moles	of	 intra-granular	gas	 remaining	 in	 the	molten	 fuel	at	 the	

end	 of	 the	 time	 step	 after	 both	 transfer	 from	 solid	 fuel	 and	
release	to	the	cavity	

Because	 this	 varies	with	 each	 radial	 cell	 and	 axial	 segment,	 the	 total	 change	 is	 found	
through	the	double	summation	as	with	Eq.	8.3-102	above.	

ΔMc,ig
T = ΔMc,ig( )

i=1

iz−1

∑
$

%
&

'

(
)

j= jcavb

jcavt

∑
	

(8.3-110)	

where	
T
igcM ,D 	 =	 Total	moles	of	gas	added	to	molten	cavity	from	the	intragranular	gas	

during	the	time	step	

8.3.7.2.4 As-Fabricated	Gas	
Like	 the	 grain	 boundary	 gas,	 the	 gas	 and	 volume	 associated	 with	 any	 residual	

as-fabricated	porosity,	see	Section	8.3.1,	is	assumed	to	be	released	to	the	molten	cavity	
instantaneously	upon	melting.	

( ) ( ) jiIMFjiafafc RtMtM ,,,,, =DD 	 (8.3-111)	
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( ) ( ) ( )tMtMttM afcjiafjiaf DD-=D+ ,,,,, 	 (8.3-112)	

( ) ( ) jiIMFjiafafc RtVtV ,,,,, -DD 	 (8.3-113)	

( ) ( ) ( )tVtVttV afcjiafjiaf DD-=D+ ,,,,, 	 (8.3-114)	

where	
ΔMc,af	 =	Moles	of	as-fabricated,	retained	helium	added	to	the	molten	cavity		 	

Maf,i,j	 =	Moles	of	as-fabricated,	retained	helium	that	remains	in	the	solid	fuel	of	
radial	cell	i	of	axial	segment	j	

ΔVc,af	 =	 Volume	of	as-fabricated,	retained	porosity	added	to	the	molten	cavity,	
m3	

Vaf,i,j	 =	 Volume	of	as-fabricated,	retained	porosity	that	remains	in	the	solid	fuel	
of	radial	cell	i	of	axial	segment	j	

The	 contributions	 must	 be	 summed	 over	 all	 radial	 cells	 of	 all	 axial	 segments	
considered	to	be	a	part	of	the	molten	cavity.	

ΔMc,af
T = Maf ,i, j t( ) RIMF,i, j( )

i=1
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ΔVc,af
T = Vaf ,i, j t( ) RIMF,i, j( )

i=1

iz−1
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j= jcavb

jcavt

∑
	

(8.3-116)	

where	
T
afcM ,D 	 =	 Total	 moles	 of	 gas	 added	 to	 molten	 cavity	 from	 the	 as-fabricated	

porosity	during	the	time	step		

T
afcV ,D 	 =	 Total	 volume	 added	 to	 the	 molten	 cavity	 from	 the	 as-fabricated	

porosity	during	the	time	step	

8.3.7.2.5 Fuel	Crack	Gas	
As	the	radial	cell	melts	 into	the	molten	cavity,	 the	gas	and	volume	associated	with	

cracks	 within	 the	 fuel	 are	 assumed	 to	 be	 added	 to	 the	 cavity	 instantaneously.	 The	
amount	of	gas	within	the	cracks	depends	on	the	plenum	pressure	and	the	temperature	
of	the	cell,	for	all	are	assumed	to	be	in	equilibrium	with	the	plenum.	



The	SAS4A/SASSYS-1	Safety	Analysis	Code	System	

8-66	 	 ANL/NE-16/19	

Mck,i, j t( )=
Pg× Vck,i, j t( )
R×Ti, j 	

(8.3-117)	

where	
Mck,i,j	 =	Moles	of	gas	(fission	gas	+	helium)	in	the	crack	volume	of	radial	cell	i	of	

axial	segment	j	

Pg	 =	 Plenum	pressure,	Pa	

Vck,i,j	 =	 Volume	of	cracks	of	radial	cell	i	of	axial	segment	j,	m3	

Ti,j	 =	 Temperature	of	radial	cell	i	of	axial	segment	j,	m3	

The	amount	of	gas	and	volume	moving	into	the	molten	cavity	is	again	determined	from	
the	incremental	melt	fraction	ratio	and	the	initial	conditions.	

( ) ( ) jiIMFjickckc RtMtM ,,,,, =DD 	 (8.3-118)	

Mck,i, j t+Δt( )=Mck,i, j t( )−ΔMc,ck Δt( ) 	 (8.3-119)	

( ) ( ) jiIMFjickckc RtVtV ,,,,, =DD 	 (8.3-120)	

( ) ( ) ( )tVtVttV ckcjickjick DD-=D+ ,,,,, 	 (8.3-121)	

where	
ΔMc,ck	 =	Moles	of	crack	volume	gas	added	to	the	molten	cavity	

ΔVc,ck	 =	 Volume	of	cracks	added	to	the	molten	cavity,	m3	

The	 total	 contributions	 are	 then	 summed	 over	 all	 melting	 radial	 cells	 of	 all	 axial	
segments	in	the	molten	cavity.	

ΔMc,ck
T = Mck,i, j t( ) RIMF,i, j( )

i=1
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(8.3-122)	

ΔVc,ck
T = Vck,i, j t( ) RIMF,i, j( )

i=1

iz−1
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(8.3-123)	

where		
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T
ckcM ,D 	 =	 Total	moles	of	 crack	volume	gas	added	 to	 the	molten	cavity	during	

the	time	step		

T
ckcV ,D 	 =	 Total	volume	added	 to	 the	molten	cavity	during	 the	 time	step	 form	

cracks,	m3	

As	crack	volume	gas	 is	added	to	 the	molten	cavity,	 it	 is	removed	from	the	plenum	
pressure	 calculation	 along	 with	 its	 associated	 volume,	 thereby	 maintaining	
conservation	of	gas.	

8.3.7.3 Fuel	Volume	Changes	
The	 discussion	 above	 covered	 the	 movement	 of	 gas	 and	 volume	 from	 various	

sources	 into	 the	 molten	 cavity.	 There	 are	 two	 other	 effects	 which	 will	 change	 the	
volume	associated	with	the	molten	cavity:	(1)	 fuel	volume	change	on	melting,	and	(2)	
molten	 fuel	 thermal	 expansion.	 Any	 changes	 due	 to	 swelling	 or	 contraction	 of	 the	
remaining	grain	boundary	 fission	gas	bubbles	are	 treated	 in	 the	 fuel	swelling	routine,	
see	Section	8.3.4.	

DEFORM-4	 contains	 the	 function	 routine	 RHOF,	which	 determines	 the	 theoretical	
density	of	the	fuel	at	any	given	temperature,	see	Section	8.7.1.	Since	it	is	assumed	that	
there	is	no	mass	transfer	between	radial	cells	or	axial	segments,	the	volume	change	for	
each	cell	can	be	determined	

ΔVth,i, j Δt( ) = 1
ρ T2,i, j( )

−
1

ρ T1,i, j( )
#

$
%
%

&

'
(
(
Fi, j
	

(8.3-124)	

where	
ΔVth,i,j	 =	 Volume	 change	 caused	by	 temperature	 changes	during	 the	 time	 step	

for	radial	cell	i	of	axial	segment	j,	m3	

ρ	 =	 Temperature	dependent	fuel	theoretical	density,	kg/m3	

T2,i,j	 =	 Final	temperature	of	radial	cell	i	of	axial	segment	j,	K		

T1,j	,i	 =	 Initial	temperature	of	radial	cell	i	of	axial	segment	j,	K		

Fi,j	 =	Mass	of	fuel	in	radial	cell	i	of	axial	segment	j,	kg	

Because	the	density	function	already	incorporates	the	changes	due	to	melting	over	the	
melting	range,	there	is	no	need	to	use	the	incremental	melt	fraction	ratio.	

Summing	over	all	radial	cells	and	axial	segments	results	in	the	total	volume	change	
due	to	thermal	affects	in	the	fuel	
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ΔVc,th
T = ΔVth,i, j Δt( )( )
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(8.3-125)	

where	
T
thcV ,D 	 =	 Total	volume	change	in	molten	cavity	due	to	changes	in	temperature	in	

the	fuel,	m3	

8.3.7.4 Molten	Cavity	Pressure	
The	molten	cavity	pressure	is	determined	from	the	ideal	gas	law.	

cav

cavcav
cav V

TRMP =
	

(8.3-126)	

where	
Pcav	 =	Molten	cavity	pressure,	Pa		

Mcav	 =	 Total	moles	of	gas	in	molten	cavity		

Tcav	 =	Molten	cavity	temperature,	K		

Vcav	 =	Molten	cavity	volume,	m3	

The	 number	 of	 moles	 of	 gas	 in	 the	 cavity	 is	 determined	 by	 adding	 the	 changes	
discussed	 above	 to	 the	 amount	 present	 at	 the	 start	 of	 the	 time	 step.	 The	 volume	 is	
similarly	determined.	

T
ckc

T
afc

T
igc

T
gbciccav MMMMMM ,,,,, D+D+D+D+= 	 (8.3-127)	

T
thc

T
ckc

T
afc

T
gbciccav VVVVVV ,,,,, D+D+D+D+= 	 (8.3-128)	

where	
Mc,i	 =	 Initial	moles	of	gas	present	in	the	molten	cavity		

Vc,i	 =	 Initial	volume	present	in	the	molten	cavity.	

It	is	assumed	that	the	boundary	between	the	outer	most	cell	that	is	melting	and	the	
solid	 fuel	 remains	 stationary	 during	 the	 time	 step.	While	 this	 is	 not	 necessarily	 true,	
appropriate	choice	of	 the	 transient	 time	step	 length	will	provide	a	close	 link	between	
cavity	pressurization	and	mechanical	response	to	this	force	without	the	need	to	iterate	
between	the	cavity	pressure	and	mechanical	response	parts	of	the	code.	
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Because	of	the	volume	changes	occurring	as	a	transient	progresses,	it	is	possible	for	
the	 central	 void	 to	 completely	 close.	 The	 case	 may	 even	 exist	 where	 there	 is	 more	
volume	 needed	 than	 exists	 inside	 the	 solid	 boundary.	 Because	 DEFORM-4	 does	 not	
provide	for	relocation	of	fuel	between	axial	segments,	the	additional	material	cannot	be	
moved.	However,	to	at	least	study	the	pressurization	effects,	when	this	situation	arises,	
a	volume	deficit	is	calculated.	

jsbjfjd VVV ,,, -= 	 (8.3-129)	

where	
Vd,j	 =	 Volume	deficit	for	axial	segment	j,	m3	

Vf,j	 =	 Volume	the	fuel	would	require	at	axial	segment	j,	m3	

Vsb,j	 =	 Volume	available	inside	the	solid	fuel	boundary,	m3	

These	values	are	summed	over	all	axial	segments	to	provide	the	total	volume	mismatch.	

Vd
T = Vs,i

j= jcavb

jcavt

∑
	

(8.3-130)	

This	value	is	then	used	to	decrease	the	apparent	volume	given	by	Eq.	8.3-128.	

T
dcav

T
cav VVV -= 	 (8.3-131)	

The	 temperature	used	 in	Eq.	8.3-126	 is	 an	averaged	value	 for	 the	 cavity.	First	 the	
radially	 mass	 averaged	 temperature	 of	 the	 molten	 fuel	 for	 each	 axial	 segment	 is	
determined.	These	 temperatures	 are	 then	weighted	based	on	 the	 volume	available	 at	
each	axial	segment	for	gas	to	occupy.	
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(8.3-133)	

where	
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Tma,j	 =	 Radially	mass	averaged	fuel	temperature	over	molten	region,	K	

T2,i,j	 =	 Temperature	of	radial	cell	i	of	axial	segment	j,	K		

Fi,j	 =	Mass	of	radial	cell	i	of	axial	segment	j,	kg	

Vc,j	 =	 Volume	of	the	central	void	at	axial	segment	j,	m3	

Using	 the	 values	 determined	 from	 Eqs.	 8.3-133,	 8.3-131,	 and	 8.3-127,	 the	molten	
cavity	 pressure	 is	 calculated	 from	 8.3-126.	 This	 procedure	 is	 carried	 out	 at	 the	
beginning	of	each	time	step,	so	the	dimensional	changes	from	the	previous	time	step	are	
used	to	calculate	the	molten	cavity	pressure	to	be	used	as	the	boundary	condition	for	
the	current	time	step.	

8.3.7.5 Fuel	Vapor	Pressure	
In	 addition	 to	 the	 pressure	 from	 the	 gases	 in	 the	 molten	 cavity,	 the	 fuel	 vapor	

pressure	 is	 included.	 The	 temperature	 used	 is	 the	 maximum	 radially	 mass-averaged	
temperature	over	the	axial	extent	of	the	cavity.	In	the	case	where	each	axial	segment	is	
a	 separate	 cavity,	 the	 mass-averaged	 temperature	 of	 the	 segment	 is	 used.	 The	 fuel	
vapor	pressure	terms	are	added	to	the	gas	induced	pressure	to	obtain	the	total	molten	
cavity	pressure.	

8.3.8 Fuel-cladding	Gap	Conductance	
The	 thermal	 coupling	 between	 the	 cladding	 and	 the	 fuel	 is	 important	 because	 it	

affects	 the	 fuel	 and	 coolant	 temperatures	 and	 thereby,	 the	 swelling	 and	 thermal	
expansion	of	the	fuel	and	cladding.	The	gap	conductance	provides	this	coupling.	 If	 the	
values	 are	 high,	 the	 fuel	 temperatures	 are	 lower,	 reducing	 the	 fuel	 swelling,	 thermal	
expansion,	restructuring,	fission-gas	release,	and	stored	energy.	If	the	gap	conductance	
is	 poor	 due	 to	 a	 large	 gap	 or	 a	 low	 conductivity	 gas	mixture	 in	 the	 gap,	 then	 all	 fuel	
temperatures	are	raised,	enhancing	the	phenomena	mentioned	previously.	Because	of	
the	sensitivity	of	phenomena	to	temperature,	and	therefore	gap	conductance,	it	is	best	
to	 describe	 the	 elements	 that	 contribute	 to	 the	 heat	 transfer	 between	 the	 fuel	 and	
cladding	as	mechanistically	as	possible.	

SAS4A	 contains	 three	 options	 for	 calculating	 the	 gap	 conductances.	 In	 order	 of	
decreasing	mechanistic	consideration	they	are	(1)	a	modified	Ross-Stoute	model	[8-18],	
(2)	a	SAS3D	parametric	model,	and	(3)	a	simple	SAS3D	inverse-gap-size	model.	These	
are	discussed	below.	It	is	recommended	that	the	modified	Ross-Stoute	be	used	because	
of	the	more	mechanistic	nature	of	its	formulation.	

The	gap	conductance	is	determined	at	the	end	of	each	DEFORM-4	time	step,	and	is	
used	for	the	fuel-cladding	thermal	coupling	when	determining	the	temperatures	at	the	
end	 of	 the	 next	 time	 step.	 The	 modified	 Ross-Stoute	 model	 is	 coded	 in	 the	 function	
HGAP.	 The	 other	 two	models	 are	 coded	 in	 the	 function	 HBFND.	 It	 is	 not	 possible	 to	
switch	between	models	during	the	calculation	because	of	modeling	inconsistancies	and	
the	large	changes	that	might	result.	
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8.3.8.1 Modified	Ross-Stoute	Gap	Conductance	Model	
The	recommended	gap	conductance	model	is	a	modified	Ross-Stoute	model	[8-18].	

This	 model	 has	 been	 used	 extensively	 in	 such	 codes	 as	 LIFE-III	 [8-5]	 and	 GAPCON	
[8-19]	 and	 is	 considered	 the	 most	 mechanistic	 model	 currently	 available.	 The	 heat	
transfer	 through	 the	 fuel-cladding	 interface	 is	 considered	 to	 consist	 of	 three	
components:	 (1)	 conduction	 through	 the	 gas	 between	 the	 fuel	 and	 the	 cladding,	 (2)	
radiative	 transfer	 between	 the	 fuel	 and	 cladding	 surfaces,	 and	 (3)	 solid-to-solid	 heat	
transfer	if	the	fuel	and	cladding	are	in	contact.	Even	if	contact	does	occur,	the	model	still	
assumes	 the	existence	of	a	gas	gap	between	the	surfaces,	a	result	of	 the	effects	of	 the	
surface	 roughnesses,	 which	 are	 input	 parameters.	 If	 there	 is	 no	 contact,	 then	 the	
solid-to-solid	 component	 is	 set	 to	 zero.	 Figure	 8.3-2	 illustrates	 the	 fuel-cladding	
geometry	and	considerations	for	the	open	and	closed	gap	cases.	

8.3.8.1.1 Radiative	Heat	Transfer	
The	radiative	heat-transfer	coefficient,	hr,	is	determined	from		
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where	
hr	 =	 Radiative	heat-transfer	coefficient,	W	m-2	K-1	

qr	 =	 Heat	transferred	from	the	hotter	to	the	colder	surface,	W		

Af		 =	 Surface	area	of	the	fuel	from	which	qr	is	transferred,	m2	

Tf		 =	 Temperature	of	the	fuel	outer	surface,	the	hotter	one,	K	

	Tc	 =	 Temperature	of	the	cladding	inner	surface,	the	colder	one,	K	

For	radiative	heat	transfer	between	two	surfaces,	
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(8.3-135)	

where	
σ	 =	 Stefan-Boltzmann	constant,	W	m-2	K-4	

εf	 =	 Emissivity	of	the	fuel	surface	

εc	 =	 Emissivity	of	the	cladding	surface	

Ac	 =	 Inner	surface	area	of	the	cladding	to	which	the	heat	is	being	transferred,	
m2	
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Figure	8.3-2.	Geometry	of	the	Fuel-cladding	Gap	
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Combining	 Eqs.	 8.3-134	 and	 8.3-135	 provides	 the	 following	 result	 for	 the	 radiative	
heat-transfer	coefficient.	

hr =
σ Tf

2 +Tc
2( ) Tf −Tc( )

1
ε f
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1
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(8.3-136)	

where	
rf		 =	 Outer	radius	of	the	fuel,	m	

rc	 =		 Inner	radius	of	the	cladding,	m	

8.3.8.1.2 Conduction	Heat	Transfer	
The	heat-transfer	coefficient	for	conduction	through	the	gas	in	the	fuel-cladding	gap	

is	given	by	

( )g
g

g r
k

h
D

=
	

(8.3-137)	

where	
hg	 =	 Conduction	heat-transfer	coefficient,	W	m-2	K-1		

kg	 =	 Thermal	conductivity	of	the	gas	in	the	gap,	W	m-1	K-1	

(Δr)g	 =	 Total	effective	fuel-cladding	gap	size,	m	

The	conductivities	of	the	helium	and	xenon	gases	that	comprise	the	mixture	in	the	
fuel-cladding	interface	are	given	in	Sections	8.7.11	and	8.7.12.	The	conductivity	of	this	
mixture	of	gas	is	derived	from	the	kinetic	theory	of	gases	[8-20].	

kg = Ki / 1+ Gij X j / Xi
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(8.3-139)	

where	
kg	 =	 Thermal	conductivity	of	mixture	of	gases,	W	m-1	K-1	
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ki	 =	 Thermal	conductivity	of	pure	gas	component	i,	W	m-1	K-1		

Xi	 =	 Mole	fraction	of	pure	gas	component	i	

Mi	 =	 Atomic	weight	of	pure	gas	component	i	

For	the	assumed	binary	mixture	of	helium	and	xenon,	Eqs.	8.3-138	and	8.3-139	can	
be	 made	 specific	 with	 the	 subscripts	 h	 and	 x	 referring	 to	 the	 helium	 and	 xenon,	
respectively.	
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(8.3-141)	
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(8.3-142)	

The	 effective	 gap	 size	 in	 Eq.	 8.3-137	 contains	 three	 elements	 based	 on	 the	
fuel-cladding	 gap	 considerations	 illustrated	 in	 Figure	 8.3-1.	 The	 first	 is	 the	 nominal	
fuel-cladding	gap	size.	If	the	fuel	and	cladding	are	in	contact	this	value	goes	to	zero.	The	
second	consideration	is	derived	from	the	incomplete	energy	exchange	between	the	gas	
atoms	and	the	solid	surface	of	the	fuel	or	cladding.	This	is	modeled	as	an	addition	to	the	
gap	 size.	 The	 third	 consideration	 is	 derived	 from	 the	 effects	 of	 surface	 roughnesses.	
Since	the	surfaces	are	not	perfectly	smooth,	the	roughness	will	produce	a	residual	gap	
through	which	conduction	takes	place,	as	illustrated	in	Figure	8.3-1.	

Δr( )g = rc −rf( )+ gc −gf( )+C δc +δ f( ) 	 (8.3-143)	

where	
gc	 =	 Thermal	jump	distance	of	the	cladding	surface,	m	

gf	 =	 Thermal	jump	distance	of	the	fuel	surface,	m	

δc	 =	 Mean	surface	roughness	of	the	cladding,	m	

δf	 =	 Mean	surface	roughness	of	the	fuel,	m	

C	 =	 Interface	pressure	dependent	factor	
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The	 formulation	 for	 the	 temperature	 jump	 distances	 is	 derived	 from	 the	 kinetic	
theory	of	gases	[8-20].	The	jump	distance	is	directly	proportional	to	the	mean	free	path	
of	 the	 gas	 in	 the	 gap.	 The	 extent	 to	which	 energy	 exchange	 occurs	when	 a	 gas	 atom	
strikes	the	solid	surface	is	defined	as	the	accommodation	coefficient,	a.	This	coefficient	
depends	on	the	species	present	in	the	gas,	and	in	the	case	of	a	mixture	of	monoatomic	
gases	is	determined	from	

å
å

-

-

= 2/1

2/1

ii

iii
mix MX

MXa
a

	
(8.3-144)	

where	

amix	 =	 Accommodation	coefficient	of	the	gas	mixture	

ai	 =	 Accommodation	coefficient	of	the	i-th	species	of	gas	in	the	mixture	

Xi	 =	 Mole	fraction	of	the	i-th	species	of	gas	in	the	mixture	

Mi	 =	 Molecular	weight	of	the	i-th	species	of	gas	in	the	mixture	

With	the	conductivity	of	the	mixture,	kg,	defined	in	Eq.	8.3-142,	the	jump	distance,	g,	is	
determined	from		

g= 2−amix
amix

"

#
$

%

&
'
2π Rm T( )1/2 kg
γ +1( ) Cv Pg 	

(8.3-145)	

where	
g	 =	 Jump	distance	of	the	surface	under	consideration,	m	

Rm	 =	 Gas	constant	of	the	gas	mixture,	j	K-1	

γ	 =	 Ratio	 of	 heat	 capacity	 at	 constant	 pressure	 to	 the	 heat	 capacity	 at	
constant	volume	

Cv	 =	 Heat	capacity	at	constant	volume,	J	kg-1	K-1	

Pg	 =	 Gas	pressure	in	the	gap,	Pa	

From	the	above	equation	applied	to	the	fuel	and	cladding	surfaces,	the	second	term	in	
Eq.	8.3-143	can	be	determined.	

The	 third	 term	 concerns	 the	 surface	 roughnesses	 of	 the	 cladding	 and	 fuel.	 The	
parameter,	C,	is	assumed	to	depend	exponentially	on	the	interface	pressure	and	is	given	
by	
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C=Co exp −1.23365x10−8 Pi( ) 	 (8.3-146)	

where	
Co	 =	 Input	pre-exponential	constant,	~1.98	

Pi	 =	 Fuel-cladding	interface	pressure,	Pa	

This	formulation	was	determined	for	use	in	the	GAPCON	code	[8-19]	from	the	data	from	
Ross	and	Stoute	[8-18].	The	value	of	C	is	then	multiplied	by	the	sum	of	the	mean	surface	
roughnesses	of	the	cladding	and	the	fuel	to	generate	the	component	of	the	effective	gap	
resulting	 from	 the	 mismatch	 of	 the	 surface	 roughnesses.	 As	 the	 interface	 pressure	
increases,	this	gap	component	becomes	smaller	because	the	increased	pressure	forces	a	
more	intimate	contact	between	the	surfaces.	

8.3.8.1.3 Solid-to-solid	Heat	Transfer	
In	addition	 to	conduction	through	the	gap	and	radiative	heat	 transfer,	heat	can	be	

passed	 directly	 through	 the	 solid-to-solid	 contact	 points	 when	 the	 gap	 is	 closed.	
Lassmann	 and	 Pazdera	 [8-21]	 suggest	 that	 the	 coefficient	 can	 be	 described	 by	 the	
following	correlation:	

hx =
Aks
R2m−1
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H
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%
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(8.3-147)	

where	
A,m	 =	 Constants	determined	through	experimental	comparisons		

ks	 =	 Effective	thermal	conductivity,	Wm-1	K-1	

H	 =	 Hardness	of	the	softer	of	the	two	materials,	Pa		

R	 =	 Square	root	of	the	mean	squared	roughnesses,	m	

The	effective	solid	conductivity,	ks,	is	defined	by	

( )fc

fc
s kk

kk
k

+
=
2

	
(8.3-148)	

where	
kc	 =	 Thermal	conductivity	of	the	cladding	at	the	inner	surface,	W	m-1	K-1	

kf	 =	 Thermal	conductivity	of	the	fuel	at	the	outer	surface,	W	m-1	K-1	

The	square	root	of	the	mean	squared	surface	roughnesses,	R,	is	defined	by	
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(8.3-149)	

The	softer	of	the	two	materials	 is	usually	the	cladding,	however,	depending	on	the	
transient	conditions	it	could	be	either.	Therefore,	correlations	for	both	the	cladding	and	
fuel	have	been	incorporated,	see	Sections	8.7.13	and	8.7.14.	The	lower	of	the	two	values	
is	used	in	Eq.	8.3-147.	

The	 values	 of	 the	 constants	 A	 and	 m	 have	 been	 determined	 by	 Lassmann	 and	
Pazdera	[8-21]	through	comparisons	with	experimental	 information	to	be	0.638	for	A	
and	0.67	for	m.	

8.3.8.1.4 Total	Gap	Heat-transfer	Coefficient	
The	total	heat-transfer	coefficient	across	the	fuel-cladding	interface	is	the	sum	of	the	

three	components	discussed	above.	

sfggap hhhh ++= 	 (8.3-150)	

If	the	fuel	and	cladding	are	not	in	contact,	then	the	solid-to-solid	term	is	set	to	zero.	
The	gap	conductance	is	a	parameter	that	both	affects	and	is	affected	by	changes	in	

the	temperatures,	dimensions,	and	gas	composition	of	the	fuel-cladding	gap.	Because	of	
this,	 the	 only	 way	 to	 achieve	 a	 fully	 consistent	 state	 between	 the	 gap	 conductance,	
dimensions,	and	temperatures	is	through	a	series	of	iterations.	First	an	estimate	of	the	
gap	conductance	would	be	made.	Second,	the	thermal	changes	for	the	time	step	would	
be	calculated.	Third,	the	dimensional	and	phenomenological	changes	over	the	time	step	
would	 be	 determined.	 Fourth,	 the	 new	 state	 would	 be	 used	 to	 calculate	 a	 new	 gap	
conductance.	 If	 the	 initial	 estimate	 and	 the	 final	 value	 agreed	 within	 some	
predetermined	 error	 bound,	 the	 gap	 conductance	 is	 said	 to	 be	 consistent	 with	 the	
thermal/mechanical	 state.	 If	 the	 resultant	 gap	 conductance	 was	 outside	 the	 allowed	
error	band,	a	new	estimate	would	be	determined	and	the	entire	calculation	redone.	

While	 this	 iteration	 method	 would	 achieve	 strict	 consistency,	 it	 can	 lead	 to	 long	
running	times	for	a	computer	code.	Because	SAS4A	must	perform	its	calculations	over	
many	channels	and	long	time	periods,	 it	 is	not	possible	to	use	the	computational	time	
necessary	for	the	above	scenario.	Instead,	two	approximations	are	used.	First,	the	effect	
of	the	new	gap	conductance	estimate	on	the	fuel	surface	gap	temperature	is	considered.	
Within	the	function	routine	HGAP,	 iterations	are	performed	over	successive	estimates	
of	 the	 conductance	 until	 the	 resulting	 gap	 conductance	 value	 is	 consistent	 with	 the	
estimated	 fuel	 surface	 temperature	 for	 that	 conductance	value,	 and	 the	 resultant	 fuel	
and	 gas	 conductivities.	 No	 dimensional	 changes	 are	 considered,	 only	 conductivity	
effects.	

The	second	method	of	adjustment	has	also	been	employed	to	smooth	the	transition	
between	time	steps.	The	new	value	of	gap	conductance	passed	to	the	thermal	routines	
of	 SAS4A	 is	 an	average	of	 the	new	calculated	value	and	 the	previous	 time	step	value.	
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Experience	has	 shown	 that	using	 the	new	calculated	value	 leads	 to	oscillations	 in	 the	
temperatures	 and	 dimensions,	 while	 this	 averaging	 technique	 produces	 smoother	
transitions.	In	the	pre-transient	calculation	this	procedure	usually	produces	less	than	a	
2%	 difference	 between	 the	 calculated	 and	 used	 gap	 conductances.	 This	 can	 become	
much	 larger	 during	 pretransient	 power	 changes,	 but	 the	 values	 reconverge	 quickly	
after	a	new	constant	level	is	attained.	The	differences	are	primarily	due	to	dimensional	
changes	not	considered	in	HGAP.	In	the	transient	state,	the	time	steps	are	so	short	that	
the	 dimensional	 changes	 are	 small,	 resulting	 in	 less	 than	 a	 1%	 difference	 in	 the	
calculated	and	used	values	of	gap	conductance.	These	differences	are	quite	acceptable,	
especially	when	weighed	against	the	large	savings	in	computational	effort.	

A	final	check	is	made	to	see	if	the	new	value	is	between	the	minimum	and	maximum	
values	 allowed,	 which	 are	 input	 parameters.	 If	 the	 calculated	 value	 is	 outside	 the	
bounds,	then	the	appropriate	bound	is	used	as	the	new	value.	This	is	useful	if	a	constant	
gap	conductance	is	required	in	order	to	study	parametric	effects	from	other	models.	In	
ordinary	 circumstances,	 these	 bounds	 should	 be	 set	 very	wide	 to	 allow	 the	model	 to	
calculate	its	own	value	and	not	be	restricted.	

8.3.8.2 SAS3D	Parametric	Model	
In	the	SAS3D	code	[8-22],	a	parametric	model	was	employed	to	determine	the	gap	

conductance.	This	equation	is	based	on	the	consideration	that	the	gap	conductance	has	
some	minimum	value	plus	a	 term	that	 is	 related	 to	 the	 fuel-cladding	gap	size	and	 the	
gas	conductivity.	

hgap =c1+
c2

c3+ rc −rf( ) 	
(8.3-151)	

where	
c1,c2,c3	 =	 Constants	

rc	 =	 Inner	cladding	radius,	m		

rf	 =	 Outer	fuel	radius,	m	

The	 second	 term	 on	 the	 right-hand	 side	 of	 Eq.	 8.3-151	 approximates	 the	 conduction	
term	in	the	model	discussed	above	(see	Section	8.3.8.1.2).	If	the	fuel	and	cladding	are	in	
contact,	there	still	exists	a	residual	gap	through	which	conduction	occurs,	i.e.,	c3	in	Eq.	
8.3-101.	 By	 dividing	 the	 numerator	 and	 denominator	 of	 this	 conduction	 term	 by	 the	
constant	c2,	the	equation	form	coded	in	the	function	HBFND	is	developed.	

hgap =A+
1

B+ rc −rf( )+C"# $% /H{ } 	
(8.3-152)	

where	
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A,B,C,H	 =	 Input	empirical	constants	

While	 this	model	does	 resemble	parts	of	 the	model	described	 in	Section	8.3.8.1,	 it	
also	has	disadvantages.	 It	 is	only	dependent	on	 the	gap	size	and	 there	 is	no	ability	 to	
model	the	effects	of	solid-to-solid	contact	or	temperature	and	gas	mixture	effects	on	gas	
conductivity.	 Its	 inclusion	 in	 SAS4A	 does	 allow	 for	 a	 comparison	with	 SAS3D	 results	
while	using	the	same	gap	conductance	parameters.	

The	values	calculated	by	this	model	are	also	restricted	by	upper	and	lower	bounds.	

8.3.8.3 SAS3D	Simple	Model	
The	 final	 model	 depends	 only	 on	 the	 fuel-cladding	 gap	 size.	 It	 is	 included	 for	

parametric	comparisons	with	previous	SAS3D	results.	 If	 there	 is	no	 fuel-cladding	gap,	
the	upper	bound	on	the	gap	conductance	is	used.	If	a	gap	does	exist,	the	conductance	is	
calculated	from	

hgap =
H

rc −rf( ) 	
(8.3-153)	

where	
H	 =	 Input	constant,	W	m-1	K-1	

rc	 =	 Inner	cladding	surface	radius,	m	

rf	 =	 Outer	fuel	surface	radius,	m	

If	this	value	falls	below	the	lower	bound,	the	lower	bound	is	used	for	the	next	thermal	
calculation.	

8.3.9 Fuel	Axial	Expansion	Reactivity	Model	
One	of	 the	 important	 reactivity	 feedbacks	 in	 reactor	 safety	 analysis	 is	 the	density	

change	caused	by	the	thermal	expansion	of	the	fuel	and	cladding	of	the	pin.	Because	the	
magnitude	 of	 this	 effect	 can	 depend	 on	 the	 conditions	 existing	 at	 the	 fuel-cladding	
interface,	 a	 number	 of	 options	 were	 made	 available	 in	 DEFORM	 to	 study	 this	
phenomenon.	 In	 the	 previous	 release	 version	 of	 SAS4A	 several	 options	 were	 made	
available;	(1)	the	fuel	could	be	assumed	to	expand	freely,	(2)	the	fuel	could	be	assumed	
to	be	constrained	against	 the	cladding	requiring	a	 force	balance	between	the	 fuel	and	
cladding,	 and	 (3)	 a	mixture	 of	 the	 two	 could	 be	 assumed	 depending	 the	 actual	 fuel-
cladding	conditions.	

Results	 from	 experiments	 carried	 out	 in	 RAPSODIE	 [8-23]	 with	 oxide	 fuel	 have	
indicated	another	possibility.	Modifications	have	been	made	to	the	EXPAND	subroutine	
of	 DEFORM	 to	 allow	 for	 the	 inclusion	 of	 the	 assumption	 that	 the	 fuel	 expansion	 is	
controlled	by	the	cladding	expansion.	

If	the	DEFORM-4	module	is	used	in	a	calculation,	it	will	perform	the	calculation	for	
the	 transient	 mass	 redistribution	 effects	 from	 the	 axial	 expansion	 of	 the	 fuel	 and	
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cladding.	 It	 is	 assumed	 that	 the	 fuel	 and	 cladding	 masses	 within	 an	 axial	 segment	
remain	 constant	 throughout	 the	 transient	 DEFORM-4	 calculation.	 Although	 axial	
expansion	is	calculated	for	both	the	upper	and	lower	axial	blankets,	as	well	as	the	active	
core	region,	 the	 fuel	reactivity	 is	calculated	only	over	 the	axial	segments	 in	 the	active	
core	 region.	 It	 is	 also	 assumed	 that	 the	 location	 of	 the	 bottom	 interface	 of	 the	 lower	
axial	blanket	does	not	change.	All	elevation	changes	are	related	to	this	fixed	location.		

8.3.9.1 Free	Fuel	Expansion	Controlled	Feedback	
If	the	fuel	and	cladding	are	assumed	to	behave	independently	of	each	other	because	

of	 an	 open	 fuel-cladding	 gap	 or	 interface	 conditions	 that	 allow	 the	 fuel	 to	 slip	 freely	
along	 the	 cladding,	 the	 reactivity	 feedback	 from	 axial	 expansion	 of	 the	 pin	 will	 be	
dominated	by	 the	 thermal	expansion,	and	 thus	 the	 temperatures,	of	 the	 fuel.	 In	oxide	
fuels	 where	 the	 thermal	 conductivity	 of	 the	 fuel	 is	 low	 and	 the	 fuel-cladding	 gap	
conductance	 is	 low,	 this	 assumption	 effectively	 decouples	 the	 fuel	 response	 from	 the	
coolant	 or	 cladding	 temperatures	 and	 directly	 relates	 the	 reactivity	 feedback	 to	 the	
power	level.	

The	 consequence	 of	 this	 assumption	 for	 TOP	 transients	 is	 an	 increased	 negative	
feedback	as	the	power	level	increases.	In	a	loss	of	flow	(LOF)	transient	where	the	power	
level	may	drop	during	 the	 initial	 stages,	 there	would	be	a	positive	 reactivity	 addition	
due	 to	 the	 cooling	 of	 the	 fuel	 as	 the	 power	 decreased.	 In	 later	 stages	 when	 boiling	
produces	 larger	 positive	 reactivity	 additions,	 the	 expansion	 reactivity	 would	 again	
become	negative,	particularly	during	a	transient-over-power	(TOP)	event.	

The	 metal	 fuel	 pins	 would	 behave	 in	 much	 the	 same	 manner,	 except	 on	 a	 more	
reduced	scale.	The	high	thermal	conductivity	of	the	fuel	and	sodium	in	the	gap	produces	
a	much	closer	coupling	between	the	fuel	and	coolant	temperatures.		

8.3.9.2 Free	Cladding	Expansion	Controlled	Feedback	
The	 opposite	 assumption	 to	 that	 discussed	 in	 Section	 8.3.9.1	 above	 would	 be	 to	

assume	 that	 the	 expansion	of	 the	 cladding	 controlled	 the	 axial	movement	 of	 the	 fuel.	
The	 condition	necessary	 for	 this	 to	be	plausible	would	be	 an	oxide	 fuel	 that	 contains	
many	transverse	cracks	and	fuel	connected	to	the	cladding,	or	a	metal	fuel	connected	to	
the	 cladding	 that	 contains	no	 strength	 to	 resist	 the	 cladding	 changes.	 Some	 tests	 and	
analyses	 performed	 with	 the	 RAPSODIE	 reactor	 [8-23]	 seem	 to	 indicate	 this	 type	 of	
behavior	for	oxide	fuel.	

The	consequence	of	this	assumption	is	to	connect	the	fuel	expansion	feedback	with	
the	 coolant,	 and	 thereby	 cladding,	 temperatures	 and	 decouple	 the	 feedback	 from	 the	
power	 level	 except	 through	 its	 affect	on	 the	 coolant	 temperatures.	 In	a	TOP	scenario,	
this	reduces	the	magnitude	of	the	reactivity	feedback	significantly.	In	the	early	stages	of	
a	LOF	event,	 the	effect	 is	 to	change	 the	magnitude	and	sign	of	 the	 feedback	 from	that	
discussed	 in	Section	8.3.9.1.	The	 feedback	would	actually	be	negative	as	 the	 feedback	
reached	an	asymptotic	level	in	a	fully	voided	channel.	Differences	in	magnitude	would	
again	occur	between	the	metal	and	oxide	fuels	due	to	the	rate	of	energy	transfer	to	the	
coolant	and	the	different	thermal	expansion	properties.	



	 DEFORM-4:	Steady-State	and	Transient	Pre-Failure	Pin	Behavior	

ANL/NE-16/19	 	 8-81	

This	 assumption	was	 not	 included	 in	 original	 version	 of	 the	 SAS4A	 code	 but	 has	
been	added.	Since	DEFORM	calculates	both	 the	cladding	and	 fuel	 response	separately	
under	 the	 free	 expansion	 assumption	 (see	 Section	 8.2.4)	 this	 assumption	 was	 easily	
added	 by	 allowing	 the	 cladding	 expansion	 to	 control	 the	 expansion	 of	 the	 axial	
segments.	

8.3.9.3 Constrained	Fuel/Cladding	Expansion	Controlled	Feedback	
	The	 final	 option	 available	 in	 DEFORM	 for	 the	 calculation	 of	 the	 axial	 expansion	

assumes	 that	 the	 fuel	 and	 cladding	 are	 locked	 together.	 The	 expansion	 is	 then	
determined	from	the	required	force	balance	at	the	fuel-cladding	interface.	This	model	is	
discussed	in	Section	8.2.4.	

Unlike	either	of	 the	 two	previous	options,	 this	one	requires	 that	both	 the	 fuel	and	
cladding	responses	to	the	specified	transient	be	considered.	It	would	be	expected	that	
the	 results	 from	 these	 assumptions	 would	 fall	 somewhere	 between	 those	 of	 the	
previous	 two	 sections	 since	 elements	 of	 both	 are	 included	 in	 the	 considerations.	 In	
practice	this	has	been	found	to	be	the	case.	In	situations	where	the	fuel	and	cladding	can	
be	 assumed	 to	 be	 in	 contact,	 such	 as	 high	 burnups	 with	 low	 swelling	 cladding	 or	
medium	burnups	with	the	metal	fuels,	this	option	would	be	expected	to	yield	the	most	
credible	 results.	Even	when	 the	oxide	 fuel	 can	be	assumed	 to	be	heavily	cracked,	 this	
option	 may	 be	 most	 accurate	 because	 the	 bowing	 or	 twisting	 of	 the	 pin	 due	 to	 the	
interaction	with	wire	step	may	cause	the	cracked	fuel	to	be	wedged	within	the	cladding	
and	 therefore	 act	 as	 constrained	 rather	 than	 following	 the	 cladding	 expansion,	
particularly	 if	 the	number	of	 transverse	cracks	 is	small	compared	to	 the	 length	of	 the	
fuel	segments	or	the	pellets	can	be	assumed	to	have	sintered	together.	

8.3.10 	Metal	Fuel	Modeling	
With	the	renewed	interest	in	uranium	metal	fuels	for	breeder	reactor	applications,	

there	is	a	need	to	provide	modeling	to	handle	this	type	of	fuel.	An	initial	effort	has	been	
made	 to	 include	 important	 phenomenological	 features	 of	 the	 metal	 fuel.	 This	 effort	
involved	 the	 use	 of	 available	 DEFORM	 modeling	 and	 incorporation	 of	 necessary	
material	 properties.	 Which	 this	 effort	 is	 not	 complete,	 it	 does	 provide	 a	 basis	 for	
evaluating	the	consequences	of	the	use	of	metal	fuel.	

8.3.10.1 Fission	Gas	Behavior	
The	 buildup	 of	 fission	 gas	within	 the	metal	 fuel	 produces	 considerably	more	 fuel	

swelling	than	is	seen	in	oxide	fuels.	In	oxide	fuels,	the	strength	of	the	fuel	matrix	is	such	
that	 the	 fission	gas	bubbles	remain	small	during	the	 irradiation.	There	 is	collection	of	
gas	on	grain	boundaries,	which	leads	to	fuel	swelling,	and	boundary	bubble	connecting	
which	produces	a	local	"tunneling"	effect	that	leads	to	fission	gas	release.	

Recent	studies	on	the	growth	mechanisms	in	the	analyses	of	metal	fuel	swelling	[8-
24]	have	indicated	that	the	transient	swelling	is	dominated	by	grain	boundary	bubbles,	
so	a	single	bubble	model	in	an	amorphous	medium	would	not	be	adequate.	These	grain	
boundary	bubbles	also	appear	to	be	 important	 for	 the	development	of	 the	 interlinked	
porosity	 in	metal	 fuels.	The	early	work	with	metal	 fuels	allowed	 for	only	 low-burnup	
irradiations	 because	 of	 the	 extensive	 swelling,	 but	 once	 it	 was	 determined	 that	 this	
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"breakway"	 swelling	 appeared	 to	be	 self-limiting,	 and	 if	 enough	 space	was	 fabricated	
into	 the	 fuel-cladding	 gap,	 the	 result	 was	 very	 little	 stress	 on	 the	 cladding	 and	 high	
burnups	could	be	achieved	[8-25,	8-26].	In	order	to	calculate	the	steady	state	behavior	
of	 the	metal	 fuel,	 it	 is	 therefore	 necessary	 to	model	 this	 swelling	 and	 associated	 gas	
release	in	a	consistent	manner.	

The	study	of	this	phenomenon	is	still	underway	and	not	yet	developed	to	the	state	
where	 an	 appropriate	 model	 could	 be	 developed	 for	 inclusion	 into	 DEFORM.	 It	 was	
therefore	necessary	to	use	a	more	empirical	model	based	on	the	observed	relationship	
between	fuel	swelling	and	fission	gas	release.	

8.3.10.1.1 Closed	and	Connected	Porosity	Description	
Initially,	all	created	fission	gas	is	assumed	to	go	into	fission	gas	bubbles	within	the	

fuel	matrix.	These	bubbles	are	 then	allowed	to	swell	 in	response	 to	any	overpressure	
produced	 by	 the	 bubble	 pressure	 acting	 against	 the	 surface	 tension	 and	 hydrostatic	
pressure	[8-27,	8-28].	The	amount	of	swelling	allowed	is	controlled	by	a	time	constant	
determined	from	the	creep	rate	of	the	fuel	in	response	to	the	bubble	overpressure.	This	
produces	 a	 system	 of	 closed	 porosity	 within	 the	 fuel	 matrix.	 The	 modeling	 for	 this	
creation	 of	 closed	 porosity	 already	 existed	 in	 DEFORM	 and	 the	 modifications	 made	
were	to	introduce	the	correct	material	properties	for	the	metal	fuel.	

As	 the	 closed	 porosity	 fraction	 increases,	 a	 point	 is	 reached	where	 release	would	
occur.	 It	 is	 assumed	 that	 fission	 gas	 release	 is	 associated	 with	 the	 formation	 of	
connected	porosity.	The	release	fraction	defines	the	amount	of	porosity	and	fission	gas	
that	 is	 transferred	 from	 closed	 to	 open	 porosity.	 The	 calculation	 of	 open	 porosity	
changes	 is	 tied	directly	 to	 the	 fission	gas	release	calculation	and	 is	explained	 in	more	
detail	below.	

8.3.10.1.2 Fission	Gas	Release	
The	 calculation	 for	 the	 amount	 of	 fission	 gas	 released	 from	 the	 closed	porosity	 is	

determined	 directly	 from	 the	 swelling	 of	 the	 fuel	 cell.	 First	 the	 volumetric	 swelling	
fraction	 is	 determined	 from	 the	 fully	 dense	 theoretical	 volume	 and	 the	 actual	 cell	
volume,	which	includes	porosity.	

th

thc
f V

VVS -
=

	
(8.3-154)	

where	
Sf	 =	 Volumetric	swelling	fraction	

Vc	 =	 Actual	volume	of	the	fuel	cell,	m3	

Vth	 =	 Theoretical	volume	of	the	mass	of	fuel	in	the	cell,	m3	

By	fitting	the	swelling	vs	gas	release	data	from	Ref.	8-25	and	8-26,	see	Figure	8.3-3	
the	 following	 equation	 was	 generated,	 defining	 the	 gas	 release	 fraction	 Rf.	 A	 least	
22.78%	swelling	is	required	before	the	gas	is	released.	
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Rf =0.57535exp 0.33238Sf( )− 9.77836exp −12.10443Sf( ) 	 (8.3-155)	

where	
Rf		 =	 Fraction	of	total	fission	gas	released	
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Figure	8.3-3.	Effect	of	Fuel	Swelling	on	Fission	Gas	Release	in	Metal	Fuels	
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The	 total	 amount	 of	 gas	 released	 ins	 therefore	 the	 release	 fraction	 from	 Eq.	 8.3-155	
time	the	total	generated	in	the	node.	The	amount	released	during	a	computational	time	
step	is	the	difference	between	the	total	released	and	the	amount	released	previously.	

Gr =Rf Gt − Gt −Gf( ) 	 (8.3-156)	

where	
Gr	 =	 Gas	released	during	the	time	step,	kg	

Gt	 =	 Total	amount	of	gas	produced	in	the	cell,	kg	

Gf	 =	 Gas	retained	in	the	fuel	assuming	no	release	during	the	time	step,	kg	

It	is	then	assumed	that	the	release	of	this	amount	of	gas	moves	an	equivalent	fraction	of	
the	closed	porosity	volume	to	the	open	porosity.	

f
f

r
r V
G
GV =

	
(8.3-157)	

where		
Vr	 =	 Volume	moved	from	closed	to	open	porosity,	m3	

Vf	 =	 Volume	of	fission	gas	in	closed	porosity,	m3	

These	calculations	are	carried	out	in	the	subroutine	RELGAS.	

8.3.10.2 Metal	Fuel	Behavior	During	Melting	

8.3.10.2.1 Molten	Cavity	
The	 melting	 of	 a	 cell	 begins	 as	 the	 temperature	 reaches	 an	 input	 determined	

temperature,	 between	 the	 solidus	 and	 liquidus	 temperatures.	 The	 incremental	 melt	
fraction	approach	developed	in	Section	8.3.7	is	then	used	to	move	fuel,	gas,	and	volumes	
between	the	solid	and	molten	state.	As	the	temperature	of	the	cell	rises	above	the	initial	
melting	 temperature,	 the	 temperature	 of	 the	 cell	 rises	 above	 the	 initial	 melting	
temperature,	increasing	fractions	of	the	cell	become	associated	with	the	molten	cavity.	
When	 the	 cell	 temperature	 reaches	 the	 fuel	 liquidus	 temperature,	 the	 whole	 cell	 is	
associated	with	the	molten	cavity.	Since	each	radial	cell	is	treated	separately,	an	annular	
melt	zone	would	be	correctly	treated	if	it	existed	in	a	U-Pu-Zr	fuel	pin.	

8.3.10.2.2 Connected	Porosity	
Upon	 melting	 the	 connected	 porosity	 is	 released	 to	 the	 molten	 cavity	

instantaneously.	 It	 is	 assumed	 that	 the	 bubble	 morphology	 associated	 with	 this	
interlinked	porosity	is	such	that	upon	melting,	there	is	no	time	delay	between	melting	
and	 release	 of	 the	 gas	 and	 associated	 volume	 to	 the	molten	 cavity	 free	 volume.	 The	
connected	porosity	acts	in	the	same	manner	as	the	grain	boundary	gas	in	the	oxide	fuel	
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as	far	a	melting	is	concerned	see	Section	8.3.7.2.2.	Table	8.3-1	illustrates	the	similarities	
and	difference	between	the	types	of	gas	associated	with	the	metal	fuel	and	those	of	the	
oxide	fuel.	

8.3.10.2.3 Closed	Porosity	
The	closed	porosity	 consisting	of	 fission	gas	 in	 constrained	bubbles	 is	assumed	 to	

act	like	the	retained	gas	in	the	oxide	fuel.	Upon	melting,	these	bubbles	must	move	to	the	
free	volume	in	order	to	coalescence	into	the	molten	cavity.	This	is	treated	through	the	
use	of	a	time	constant	for	bubble	coalescence.	Only	the	retained	gas	in	the	molten	fuel	
can	 undergo	 this	 coalescence	 process	 (see	 Section	 8.3.7.2.3).	 Recent	 results	with	 the	
model	 have	 indicated	 a	 need	 for	 further	 refinement	 by	 breaking	 this	 closed	 porosity	
into	 an	 intragranular	 component	 and	 a	 grain	 boundary	 component	 that	 would	 be	
released	immediately	on	melting.	

Table	8.3-1.	Comparison	between	Oxide	and	Metal	Fuel	Models	for	Fission	Gas	
Porosity	Behavior	

Behavior	 Oxide	Fuel	Porosity	 Metal	Fuel	Porosity	

Causes	fuel	swelling		 Grain	boundary	 Closed	

Released	immediately	to	molten	
cavity	when	fuel	melting	

Grain	boundary	 Connected	

Release	to	molten	cavity	other	
coalescence	delay	

Intra-granular	 Closed	

8.3.10.3 Axial	Extrusion	in	Solid	Fuel	
One	of	 the	 reasons	 for	 interest	 in	metal	 fuels	 is	 the	possibility	 for	axial	 relocation	

within	 the	 intact	 cladding.	While	 recent	 preliminary	 experimental	 evidence	 from	 the	
TREAT	M2	and	M3	tests	[8-29]	indicate	that	axial	relocation	occurs	primarily	upon	fuel	
melting,	the	study	of	solid	fuel	swelling	and	extrusion	possibilities	are	valuable	for	they	
add	 to	 the	 understanding	 of	 the	 fundamental	 properties	 of	 metal	 fuel.	 These	
phenomena	 include	 porosity	 formation	 and	 behavior,	 fuel	 creep,	 fission	 gas	 swelling,	
and	fuel-cladding	chemical	interaction.	

8.3.10.3.1 Fission	Gas	Induced	Swelling	
DEFORM,	 for	 both	 oxide	 and	 metal	 fuel,	 calculates	 the	 increase	 or	 decrease	 in	

bubble	volume	containing	 trapped	 fission	gas	 in	response	 to	 the	bubble	pressure,	 the	
local	hydrostatic	pressure,	 the	bubble	 surface	 tension,	and	 the	 fuel	 creep	rate.	This	 is	
described	in	Section	8.3.4	for	the	oxide	fuel.	

In	the	metal	fuel	the	porosity	is	divided	into	open	and	closed	porosity,	as	described	
in	 Section	 8.3.10.1.1	 above,	 with	 the	 closed	 porosity	 assumed	 to	 produce	 the	 fuel	
swelling.	The	same	basic	approach	adopted	for	the	oxide	fuel	is	used	for	the	metal	fuel	
swelling	modeling.	The	amount	of	retained	fission	gas	and	the	volume	available	at	the	
beginning	of	a	time	step	determine	the	gas	pressure	in	the	closed	porosity.	This	force	is	
counteracted	 by	 the	 local	 hydrostatic	 pressure	 and	 the	 bubble	 surface	 tension.	 The	
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mismatch	between	 the	bubble	pressure	and	restraining	 forces	 is	 the	driving	 force	 for	
expansion	(bubble	pressure	greater	 than	restraining	pressure)	or	contraction	(bubble	
pressure	less	than	restraining	pressure)	of	the	closed	porosity.	If	the	bubble	pressure	is	
the	 same	 as	 the	 restraining	 pressure,	 a	 state	 of	 equilibrium	 would	 exist.	 Therefore,	
given	 that	 the	 amount	 of	 retained	 gas	 and	 the	 restraining	 pressure	 are	 known,	 an	
equilibrium	 closed	 porosity	 volume	 can	 be	 determined	 that	 would	 give	 a	 bubble	
pressure	equal	to	the	restraining	pressure.	This	 is	the	volume	the	closed	porosity	will	
tend	towards	during	the	time	step.	However,	an	instantaneous	volume	change	does	not	
occur	because	the	fuel	has	a	finite	creep	rate	dependent	on	the	mismatch	between	the	
initial	bubble	pressure	and	restraining	pressure,	 the	 fuel	 temperature,	and	 the	 fission	
rate.	 This	 creep	 rate	 defines	 a	 time	 constant	 associated	 with	 the	 change	 in	 bubble	
volume.	 The	 time	 constant	 and	 the	 current	 computational	 time	 step	 determine	 the	
magnitude	of	the	volume	change	that	takes	place	as	the	bubble	volume	changes	from	its	
current	volume	toward	the	equilibrium	volume.	

In	the	development	of	the	model	for	the	metal	fuel,	it	was	found	that	one	of	the	most	
sensitive	parameters	influencing	the	fuel	swelling	was	the	fission	gas	bubble	size	used	
to	calculate	the	surface	tension.	Because	of	the	low	strength	of	the	metal	 fuel,	and	the	
assumption	 that	 the	 interlinked	 porosity	 is	 connected	 to	 the	 fission	 gas	 plenum,	 the	
stress	state	in	the	fuel	is	assumed	to	equal	the	plenum	pressure.	Under	these	conditions	
the	surface	tension	restraint	becomes	a	critical	parameter	in	the	control	of	fuel	swelling.	
If	bubble	sizes	are	small,	the	surface	tension	is	high	and	effectively	limits	the	amount	of	
swelling.	If	bubble	sizes	are	large,	then	the	bubbles	expand	rapidly	to	near	equilibrium	
values,	introducing	rapid	swelling	of	the	fuel.	

Because	 there	 currently	 exists	 little	 information	 on	 the	 development	 of	 bubble	
morphology	 during	 the	 early	 irradiation	 of	 metal	 fuels,	 it	 was	 necessary	 to	 devise	 a	
method	 of	 providing	 a	 bubble	 size	 that	 produced	 results	 consistent	 with	 the	
observation	that	the	fuel-cladding	gap	closes,	in	metal	fuel	pins,	in	the	2-3	atom	percent	
burnup	 range.	 This	 was	 achieved	 by	 providing	 a	 bubble	 radius	 dependent	 on	 the	
burnup	 level	 and	 then	 determining	 a	 calibration	 constant	 to	 obtain	 the	 desired	
behavior.	

BCR RB = 	 (8.3-158)	

where	
RB	 =	 Fission	gas	bubble	radius	of	closed	porosity,	m	

CR	 =	 Calibration	constant	

B	 =	 Burnup,	atom	percent	

While	 this	 formulation	does	not	 fully	 adhere	 to	 the	principle	of	using	mechanistic	
models	employed	in	DEFORM,	it	does	produce	a	reasonable	initiation	to	the	calculation	
and	provides	for	development	of	other	models	in	a	consistent	fashion.	
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8.3.10.3.2 Axial	Swelling	Fraction	
Section	 8.3.4.1	 gives	 the	 development	 of	 the	 plane	 axial	 swelling	 strain	 used	 in	

DEFORM.	This	sam	approach	is	used	when	considering	the	metal	fuels.	However,	when	
the	metal	fuel	comes	into	contact	with	the	cladding,	it	is	assumed	that	the	fuel	strength	
is	not	great	enough	to	cause	fuel-cladding	mechanical	 interaction.	Instead,	the	volume	
must	be	added	through	axial	elongation	if	the	fuel-cladding	interface	is	in	such	a	state	
that	movement	 can	occur,	 i.e.,	 the	 temperature	of	 the	 fuel-cladding	 interface	 is	 above	
the	 local	 eutectic	 temperature.	 This	movement	 restriction	 does	 not	 currently	 exist	 in	
DEFORM,	but	will	be	operational	when	DEFORM	and	SSCOMP	are	coupled.	

After	the	initial	calculation	in	FSWELL,	the	outer	fuel	radius	may	be	greater	than	the	
inner	cladding	radius.	The	volume	that	must	be	accounted	for	by	extra	axial	expansion	
is	determined	by	the	mismatch	between	the	locations	of	these	two	surfaces.	

ΔVexc =π AH rro
2 −rci

2( ) 	 (8.3-159)	

where		
ΔVexc	 =	 Volume	of	fuel	outside	the	allowed	volume,	m3	

AH	 =	 Axial	segment	height	including	all	strains,	m	

rfo	 =	 Outer	radius	of	the	fuel	including	all	strains,	m	

rci	 =	 Inner	radius	of	the	cladding	including	all	strains,	m	

The	 total	 volume	 change	 calculated	 to	 take	 place	 radially	 and	 that	 calculated	 to	 take	
place	axially,	from	the	initial	calculation,	are	then	modified	by	this	volume	discrepancy	
of	Eq.	8.3-159	

excronr VVV D-D=D , 	 (8.3-160)	

excoana VVV D+D=D ,, 	 (8.3-161)	

where	
ΔVr,n	 =	 New	total	change	in	radial	volume,	m3	

ΔVr,o	 =	 Old	total	change	in	radial	volume,	m3	

ΔVa,o	 =	 New	total	change	in	axial	volume,	m3	

ΔVa,o	 =	 Old	total	change	in	axial	volume,	m3	

These	are	then	used	to	calculate	the	new	fraction	of	volume	change	taking	place	axially.	
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(8.3-162)	

where	
Fas	 =	 Fraction	of	volume	change	taking	place	axially	

This	new	factor	 is	 then	used	to	determine	the	radial	and	axial	volume	changes	 for	
each	radial	cell,	and	a	new	generalized	axial	swelling	strain	is	calculated	following	the	
procedure	 in	Section	8.3.4.1.	The	new	node	structure	 is	 then	determined	and	 the	 fuel	
and	cladding	surfaces	are	again	examined.	If	a	mismatch	again	occurs,	the	procedure	is	
repeated	 until	 a	match	 is	 formed	within	 a	 tolerance	 of	 1.0	 x	 10-12	m.	 This	 procedure	
converges	 within	 three	 to	 five	 iterations.	 Separate	 thermal/mechanical	 and	 swelling	
strains	 are	 maintained	 for	 the	 purpose	 of	 comparison.	 Those	 calculations	 are	
performed	in	the	subroutine	FSWELL.	

8.3.10.4 Sodium	Bond	
As	the	fuel-cladding	gap	changes,	the	liquid	sodium	that	fills	this	gap	must	move	to	

other	locations.	A	new	subroutine,	NABOND,	has	been	developed	which	carries	out	the	
accounting	of	the	available	volumes	and	calculates	the	sodium	slug	level	in	the	plenum.	
The	temperature	of	the	sodium	at	a	particular	elevation	is	assumed	to	be	the	average	of	
the	fuel	and	cladding	surface	temperatures.	The	mass	of	sodium	at	each	axial	location	is	
determined	from	the	gap	volume	and	sodium	density.	

( ) jsfociHjs rfAM ,
22

, rp -= 	 (8.3-163)	

where	
Ms,j	 =	 Mass	of	sodium	in	fuel-cladding	gap	at	axial	segment	j,	kg		

ρs,j	 =	 Density	of	liquid	sodium	at	axial	segment	j,	kg/m3	

The	 total	 sodium	 mass	 in	 the	 gap	 is	 then	 determined	 by	 summing	 over	 all	 axial	
segments.	

å
=

=
MZ

j
jsst MM

1
,
	

(8.3-164)	

where	
Mst	 =	 Total	mass	of	sodium	in	fuel-cladding	gap,	kg	

MZ	 =	 Total	number	of	axial	segments	in	the	pin	

The	sodium	mass	in	the	plenum	is	then	found	by	subtracting	the	result	of	Eq.	8.3-164	
from	the	total	sodium	initially	loaded	into	the	pin.	
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stssp MMM -= 1 	 (8.3-165)	

where	
Msp	 =	 Mass	of	bond	sodium	in	the	plenum,	kg	

Msl	 =	 Mass	of	bond	sodium	initially	loaded	in	the	pin,	kg	

The	sodium	level	in	the	plenum	is	then	determined.	

2
psp

sp
sp r

M
H

pr
=

	
(8.3-166)	

where	
Hsp	 =	 Height	of	sodium	in	the	plenum,	m	

ρsp	 =	 Density	of	sodium	at	the	plenum	temperature,	kg/m3	

rp	 =	 Inner	cladding	radius	in	the	plenum,	m	

In	the	calculation	of	the	plenum	pressure,	this	sodium	filled	volume	is	removed	from	
the	plenum	volume	available	for	the	released	fission	gas.	The	amount	released	during	a	
computational	 time	 step	 is	 the	difference	between	 the	 total	 released	 and	 the	 amount	
released	previously.	

8.4 Fuel-pin	Failure	Criteria	
DEFORM-4	contains	a	number	of	methods	for	the	determination	of	 fuel-pin	failure	

and	failed	pin	model	 initiation.	These	can	be	divided	 into	two	major	areas:	(1)	 failure	
based	on	specified	conditions,	and	(2)	calculated	failure	correlations.	The	first	method	
is	currently	used	to	produce	failure	initiation	because	of	the	limited	amount	of	integral	
code	validation	with	the	failure	correlations.	Since	these	use	parameters	such	as	stress	
and	temperature	to	produce	the	predictions,	it	is	essential	that	these	be	checked	against	
experimental	 tests	 to	 assure	 the	 accuracy	 and	 appropriateness	 of	 their	 use	 under	
various	 transient	 conditions.	 The	 first	 method	 involves	 parameters	 used	 previously	
with	 the	 SAS3D	 code	 system,	 so	 some	 familiarity	 with	 their	 use	 and	 limitations	 is	
assumed.	Although	these	are	simple,	they	can	be	used	in	a	manner	consistent	with	the	
SAS3D	implementation	and	available	experimental	data.	

All	criteria	are	cast	into	the	form	of	a	failure	fraction,	which	is	the	current	value	for	
the	parameter	being	used	as	a	failure	indicator,	i.e.,	melt	fraction,	time,	etc.,	divided	by	
the	value	which	would	produce	failure.	If	this	failure	fraction	becomes	1,	then	failure	is	
assumed	to	occur	and	the	failed	pin	modeling	 is	 initiated.	 In	addition	to	satisfying	the	
parameter	under	consideration,	 the	fuel	melt	 fraction	must	be	above	a	specified	 level,	
FMELTM,	 before	 PLUTO2	 or	 LEVITATE	 will	 be	 initiated.	 These	 calculations	 are	
performed	in	the	subroutine	CLDFAL.	
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8.4.1 Input	Specified	Failure	Criteria	
Through	the	use	of	the	input	parameters	MFAIL,	IFAIL,	JFAIL,	FSPEC,	and	FMELTM	

the	 code	 can	 be	 controlled	 to	 initiate	 failure	 with	 the	 conditions	 discussed	 below.	
MFAIL	 selects	 the	 meaning	 of	 FSPEC,	 IFAIL	 and	 JFAIL	 specify	 the	 radial	 and	 axial	
location	of	the	test	for	failure,	and	FMELTM	is	the	minimum	melt	fraction	necessary	at	
the	 location	 of	 failure	 for	 PLUTO2	or	 LEVITATE	 to	 be	 initiated.	 Table	 8.4-1	 gives	 the	
selections	currently	available	in	conjunction	with	DEFORM-4.	If	IFAIL	and	JFAIL	are	not	
specified,	the	location	of	the	parameter	maximum	is	selected.	

Table	8.4-1.	Failure	Initiation	Options	
MFAIL	 FSPEC	 IFAIL	 JFAIL	

1	 Time	 -	 Nec*	
2	 Temperature	 Nec	 Opt**	
3	 Melf	fraction	 -	 Opt	
4	 Cavity	pressure	 -	 Opt	
5	 Hoop	stress	 -	 Opt	
7	 Rip	propagation	 -	 Opt	
*Nec	=	Necessary	parameter	that	must	be	specified.	
**Opt	=	Optional	parameter.	If	not	specified,	the	axial	level	with	
the	maximum	value	will	be	chosen.	

	

The	 use	 of	 MFAIL	 with	 a	 value	 of	 7	 initiates	 the	 failure	 with	 a	 criteria	 that	 is	
consistent	with	the	LEVITATE	and	PLUTO2	rip	propagation	considerations,	see	Sections	
16.3.1	 and	 14.3.3,	 respectively.	 This	 criterion	 checks	 the	 cladding	 hoop	 stress	
introduced	 by	 a	 molten	 cavity	 pressure,	 for	 fully	 cracked	 fuel,	 or	 fuel-cladding	
mechanical	interaction,	when	solid	fuel	is	present,	against	the	ultimate	tensile	strength	
of	 the	cladding	 to	determine	 if	 failure	has	occurred.	 If	 the	cladding	does	 fail,	 then	 the	
routine	checks	to	see	if	the	molten	fuel	has	reached	the	crack	boundary.	Both	conditions	
are	necessary	for	the	initiation	of	the	failed	fuel	routines.	

When	other	 failure	criteria	are	used,	 there	may	be	extensive	rip	propagation	after	
initiation	of	the	failed	fuel	model	because	of	the	change	in	criterion.	

8.4.2 Calculated	Failure	Correlations	
In	 DEFORM-4,	 there	 exist	 a	 number	 of	 failure	 correlations	 that	 may	 be	 used	 to	

determine	the	time	and	location	of	cladding	failure.	Care	should	be	taken	when	drawing	
any	conclusions	based	on	 these	correlations,	 since	 the	validation	effort	 is	 in	 its	 initial	
stages	with	these	correlations.	In	addition,	the	method	of	determining	cladding	stress	is	
not	 totally	 consistent	 between	 DEFORM-4,	 a	 more	 mechanistic	 approach,	 and	 the	
correlations,	 which	 were	 based	 on	 initial	 cold	 dimensions	 and	 fill-gas	 pressures.	
DEFORM-4	 also	 considers	 fuel-cladding	 mechanical	 interaction	 rather	 than	 just	 gas	
pressure.	
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The	use	of	these	failure	correlations	currently	involves	an	iterative	approach,	using	
the	 failure	 fractions	 printed	 by	 SAS4A	 and	 one	 of	 the	 failure	 conditions	 described	 in	
Section	8.4.1.	First,	the	case	is	run	with	no	failure	conditions	specified	and	restart	files	
produced	at	selected	intervals.	The	output	is	then	studied	to	determine	when	the	failure	
fraction	 of	 interest	 reaches	 one,	 and	 at	 which	 axial	 segment.	 One	 of	 the	 conditions	
discussed	 above	 is	 then	 selected	 to	 initiate	 failure	 at	 the	 appropriate	 time	 and	 axial	
segment.	A	restart	case	is	then	run	from	a	restart	file	produced	before	the	correlation	
failure	condition	was	reached.	In	this	case,	one	of	the	simple	failure	criteria	will	be	used	
to	 initiate	 failure.	The	values	used	 in	 the	simple	criteria	 should	be	chosen	 to	produce	
failure	 initiation	 at	 the	 same	 time	 and	 place	 as	 was	 predicted	 by	 the	 correlation	
criterion	during	the	initial	run.	

The	 various	 correlations	 are	 given	 below.	 Although	 the	 units	 are	 inconsistent	 in	
many	cases,	the	code	has	taken	this	into	account	and	made	the	necessary	adjustments.	

8.4.2.1 Biaxial	Stress	Rupture	
This	correlation	is	from	the	Nuclear	Systems	Material	Handbook	[8-17]	and	is	based	

on	unirradiated,	20%	cold-worked	type	316	SS	developmental	cladding.	

Logθ =−15.22+9.5342Log Log σ ∗ /σ( )#
$

%
& 	 (8.4-1)	

where	
θ	 =	 Dorn	parameter	=	tr	exp	(-Q/RT)	

tr	 =	 Rupture	time,	hr	

T	 =	 Temperature,	K	

Q	 =	 83,508	cal/mole	

R	 =	 Universal	gas	constant	

σ	 =	 Hoop	stress	=	
ksiP

rr
rr

io

io ,22

22

-
+

	

σ*	 =	 135	ksi	

ro	 =	 Clad	outer	radius	

ri	 =	 Clad	inner	radius	

P	 =	 Internal	gas	pressure	(or	interface	pressure),	ksi	

8.4.2.2 Burst	Pressure	
This	correlation	is	from	the	NSMH	[8-17]	for	unirradiated	FTR	cladding.	
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(8.4-2)	

where	
P	 =	 Burst	pressure,	ksi	

σ	 =	 Hoop	stress,	as	defined	above	

a0	 =	 1.799988	x	101	

a1	 =	 2.866442	x	10-2	

a2	 =	 -3.986012	x	10-4	

a3	 =	 2.408207	x	10-6	

a4	 =	 -8.090292	x	10-9	

a5	 =	 1.607218	x	10-11	

a6	 =	 -1.962158	x	10-14	

a7	 =	 1.487159	x	10-17	

a8	 =	 -6.821934	x	10-21	

a9	 =	 1.735220	x	10-24	

a10	 =	 1.879417	x	10-28	

8.4.2.3 Transient	Burst	Temperature	
This	correlation	is	from	the	NSMH	[8-17]	for	unirradiated	cladding.	It	involves	two	

temperature	 ramp	 rates,	 5.56	 and	 111.1	 K/s.	 If	 the	 rate	 is	 between	 these,	 a	 linear	
interpolation	is	performed.	

Tf =2358.4−36.41σ +0.5649σ
2 −3.455x10−3σ 3

for T ≤ 5.56K / s 	
(8.4-3)	

Tf =2484.8−37.80σ +0.5827σ
2 −3.585x10−3σ 3

for T ≥ 111K / s 	
(8.4-4)	

where	

Tf	 =	 Failure	temperature,	°F	
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Σ	 =	 Hoop	stress,	as	defined	above	

8.4.2.4 Larson-Miller	Life	Fraction	
This	correlation	is	the	LMP	life	fraction	incorporated	in	the	TEMECH	computer	code	

[8-30].	

C
T

LMPtLog r -=÷
ø
ö

ç
è
æ

8.13600 	
(8.4-5)	

where	
tr	 =	 Time	to	rupture,	in	seconds	

C	 =	 Material-dependent	constant	=	20	

LMP	 =	 Experimentally	determined	Larson-Miller	parameter	

T	 =	 Cladding	temperature,	K	

For	20%	CW	316	SS	cladding,	the	following	correlation	is	used.	
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(8.4-9)	

where	

LMP	 =	 LMP¢	x	104	
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σm	 =	 Modulus	modified	hoop	stress	in	ksi,	

	 =	
σ c

E 1033°C( )
E T( ) 	

These	rupture	times	are	then	used	in	the	life	fraction	form	as		

life	fraction	=	
åD

i ir

i

t
t

, 	
(8.4-10)	

where	
i	 =	 Time-step	number		

Δti	 =	 Time-step	length	

tr,i	 =	 Time	for	cladding	rupture	

8.4.3 Preliminary	Metal	Fuel	Failure	Criteria	
The	consideration	of	a	new	fuel	type	in	the	context	of	DEFORM	and	SAS4A	raises	the	

question	of	 the	type	of	 failure	these	pins	will	experience.	Because	metal	 fuel	does	not	
produce	the	same	magnitude	of	fuel-cladding	mechanical	interaction	as	the	oxide	fuel,	it	
is	 reasonable	 to	 assume	 that	 the	 cladding	 failure	 will	 result	 from	 a	 different	
phenomenon.	

Metal	uranium	 forms	a	 low	melting	point	eutectic	alloy	with	both	 iron	and	nickel,	
constituent	 materials	 in	 the	 cladding	 alloys	 used.	 As	 the	 steady	 state	 irradiation	
proceeds,	 the	 iron	 and	 nickel	 can	 be	 leached	 out	 of	 the	 cladding,	 leading	 to	 the	
formation	 of	 a	 low	melting	 point	 alloy	 layer	 adjacent	 to	 the	 cladding	 surface.	 Under	
transient	conditions	the	temperature	in	this	outer	layer,	at	a	certain	axial	location,	may	
become	 high	 enough	 to	melt	 this	material.	 This	 in	 turn	 can	 produce	 a	 failure	 at	 this	
location	by	accelerating	the	further	thinning	of	the	load	bearing	cladding.	A	number	of	
tests	with	UFs	rods	were	performed	and	analyzed	to	develop	a	correlation	for	the	time	
to	 cladding	 failure	 [8-31].	 This	 correlation	 has	 been	 incorporated	 into	 the	 FAILUR	
routine	for	preliminary	use	until	a	more	mechanistic	model	is	developed	which	handles	
the	cladding	thinning	and	subsequent	failure	from	the	local	pressure.	

( ) 54669.0
495.28

4 110142.9 -
-

+ú
û

ù
ê
ë

é
= B

T
TxT
cut

a
f

	
(8.4-11)	

where	
Tf	 =	 Time	to	failure	at	the	current	conditions,	s	

Ta	 =	 Temperature	at	the	fuel-cladding	interface,	°C	
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Teut	 =	 Input	eutectic	temperature,	°C	

B	 =	 Burnup,	atom	percent	

Once	this	time	has	been	determined,	a	life	fraction	approach	is	used	by	dividing	the	
current	 time	 step	 by	 this	 failure	 time	 and	 adding	 it	 to	 the	 previously	 calculated	
fractions.	When	the	fraction	reaches	1,	failure	is	assured.	

f
OFnf T

tFF D
+= ,,

	
(8.4-12)	

where	
Ff,n	 =	 New	life	fraction	value	

Ff,o	 =	 Sum	of	previous	life	faction	values	

Δt	 =	 Time	step,	s	

This	 correlation	 was	 developed	 over	 a	 narrow	 range	 of	 temperatures	 so	 its	 use	
should	be	considered	preliminary	until	a	more	mechanistic	approach	is	developed.	

8.4.4 Failure	Modeling	Coupling	to	Fuel	Motion	Models	
In	order	to	correctly	assess	the	accident	scenario	in	a	transient	that	leads	to	fuel	pin	

failure	 and	 subsequent	 fuel	 motion,	 there	 should	 be	 a	 high	 degree	 of	 consistency	
between	the	methods	for	predicting	the	initial	failure	and	that	used	to	predict	the	axial	
propagation	of	this	failure.	This	consistency	has	now	been	incorporated	in	the	FAILUR	
subroutine	 for	 the	 option	 with	 MFAIL	 equal	 to	 6.	 While	 the	 actual	 criterion	 used	 is	
preliminary	 in	 nature,	 the	 fact	 that	 consistency	 exists	 between	 failure	 and	 rip	
propagation	is	 important	in	order	to	study	how	this	affects	the	accident	scenario.	It	 is	
noted	 that	 his	 consistent	 failure	model	 has	 been	 implemented	 only	 for	 an	 oxide-fuel	
type	failure.	A	similar	consistent	failure	model	for	the	metal	fuel	pins	will	be	added	in	
the	future.	

PLUTO2	 and	 LEVITATE	 use	 a	 rip	 propagation	 model	 that	 compares	 the	
circumferential	 cladding	 stress,	 induced	 by	 a	 pressurized	 molten	 cavity	 acting	 on	
cracked	fuel,	 to	the	ultimate	tensile	strength	of	the	cladding.	A	stress	greater	than	the	
ultimate	tensile	strength	produces	failure	at	the	axial	location.	This	same	approach	has	
been	followed	in	this	failure	prediction.	

First,	 the	SAS4A/DEFORM	cladding	node	structure	 is	converted	 to	one	compatible	
with	 to	 the	 failed	 fuel	modeling	 routines.	 PLUTO2	 and	LEVITATE	divide	 the	 cladding	
into	an	inner	cladding	node	containing	three-fourths	of	the	cladding	thickness,	and	an	
outer	node	containing	the	rest.			

rc1= rci +0.25 rco −rci( ) 	 (8.4-13)	
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rc2 = rci +0.75 rco −rci( ) 	 (8.4-14)	

where	
rc1	 =	 uter	boundary	of	old	inner	cladding	cell,	m	

rc2	 =	 Outer	boundary	of	old	central	cladding	cell,	m	

rco	 =	 Outer	radius	of	the	cladding,	m	

rc1	 =	 Inner	radius	of	the	cladding,	m	

The	new	inner	cladding	cell	energy	is	then	determined	form	weighting	factors	based	on	
the	old	cell	radii	

Ec,a = Ec Tci( ) ⋅W1+Ec Tcc( ) ⋅W2
"# $%/ W1+W2[ ] 	 (8.4-15)	

where	
Ec,a	 =	 Average	energy	content	of	the	new	inner	cladding	node,	J/kg		

(Ec	T)	=	 Cladding	energy	as	a	function	of	temperature,	J/kg	

Tci	 =	 Inner	temperature	of	the	cladding,	K	

Tcc	 =	 Central	temperature	of	the	cladding,	K	

W	 =	 rc12	-	rci2	

W2	 =	 rc22	-	rc12	

The	temperature	of	the	new	inner	cladding	node	is	then	determined.	

( )accc ETT ,1 = 	 (8.4-16)	

where		
Tc1	 =	 Temperature	of	modified	inner	cladding	node,	K	

Tc(E)	 =	 Cladding	temperature	as	a	function	of	energy,	K	

The	ultimate	tensile	strength	is	then	determined	on	the	basis	of	the	new	node	structure.	

Uts = 3Ut Tc1( )+Ut Tco( )!" #$/ 4 	 (8.4-17)	

where	
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Uts	 =	 Average	ultimate	tensile	strength	of	the	cladding,	Pa	

Ut(T)	 =	 Ultimate	tensile	strength	as	a	function	of	temperature,	Pa	

Tco	 =	 Cladding	outer	surface	temperature,	K	

This	 is	 the	 value	 that	 determines	 if	 failure	 occurs.	 If	 the	 calculated	 circumferential	
stress	exclude	Uts,	failure	is	assumed	to	occur.	

The	 calculated	 stress	 is	 determined	 in	 two	 ways,	 depending	 on	 the	 relationship	
between	 the	melt	 boundary	 and	 cracked	 region	 of	 the	 fuel.	 If	 a	 solid	 annulus	 of	 fuel	
exists	 between	 the	melted	 and	 cracked	 regions,	 the	 calculated	 fuel-cladding	 interface	
pressure	is	used	

σ c = Pfci rci −Pext rco"# $%/ rco −rci[ ] 	 (8.4-18)	

where		
σc	 =	 Calculated	circumferential	stress	based	on	a	force	balance,	Pa	

Pfci	 =	 Pressure	that	exists	at	the	fuel-cladding	interface,	Pa	

Pext	 =	 Pressure	that	exists	on	the	outer	cladding	surface,		

If	 the	melting	 has	 proceeded	 to	 the	 cracked	boundary,	 then	 the	 cladding	 stress	 is	
determined	 from	 a	 force	 balance	 on	 the	 cladding	 assuming	 an	 inverse	 r	 drop-off	 in	
pressure	through	the	solid,	cracked	fuel.	

[ ] [ ]cicocoextcavcavc rrrPrP --= /s 	 (8.4-19)	

where	
Pcav		 =	 Central	molten	cavity	pressure,	PA	

rcav		 =		 Radius	of	the	central	molten	region,	m	

The	failure	fraction	is	then	calculated	from	the	cladding	stress	and	ultimate	tensile	
strength.	

tscf UF /s= 	 (8.4-20)	

where	
Ff		 =	 Cladding	failure	fraction	at	current	time	

When	this	 fraction	reaches	1,	 failure	of	the	cladding	at	the	axial	segment	 is	assume	to	
occur.	However,	 this	 does	 not	mean	 the	 ejection	 of	 fuel	 into	 the	 coolant	 channel	will	
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take	 place.	 Besides	 cladding	 failure,	 the	 molten	 fuel	 radius	 must	 have	 reached	 the	
cracked	fuel	radius.	Therefore,	there	are	tow	conditions	to	satisfy	prior	to	initiation	of	
the	post	failure	fuel	motion	modeling;	(1)	cladding	failure,	and	(2)	complete	solid	fuel	
cracking.	

Once	the	post	failure	fuel	motion	modeling	has	been	initiated,	DEFORM	is	not	used.	
Control	is	transferred	to	PLUTO2	or	LEVITATE	and	the	same	procedure	given	above	is	
employed	 by	 these	modules	 to	 determine	 if	 the	 cladding	 failure	 propagates	 to	 other	
axial	segments.	

8.4.5 Time-step	Control	on	Approach	to	Failure	
As	the	conditions	necessary	for	the	failure	are	approached,	the	maximum	time	step	

is	reduced	to	specified	levels.	This	is	controlled	through	the	input	parameters	FIRLIM,	
SECLIM,	 and	 THRLIM,	 and	 the	 associated	 time	 steps	 DTFALl,	 DTFAL2,	 and	 DTFAL3.	
When	 the	 failure	 fraction	 reaches	 FIRLIM,	 the	 main	 time	 step	 will	 be	 reduced	 to	
DTFAL1	or	the	current	time	step,	whichever	is	smaller.	This	same	procedure	continues	
through	SECLIM	and	THRLIM.	If	

FIRLIMFf <£0 	 (8.4-21)	

where	
Ff		 =	 Failure	fraction	for	the	failure	condition	being	used	

then	the	maximum	allowable	time	step	is	that	defined	by	the	initial	transient	time-step	
input	parameter	DT0.	

0DTt =D 	 (8.4-22)	

where		
Δtm	 =	 Maximum	allowable	time-step	length,	s		

If	

SECLIMFIRLM <£ fF 	 (8.4-23)	

then	

1DTFAL=D mt 	 (8.4-24)	

Similarly,	if		

THRLIMSECLIM <£ fF 	 (8.4-25)	

then	
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2DTFAL=D mt 	 (8.4-26)	

or,	if	

1THRLM ££ fF 	 (8.4-27)	

then	

3DTFAL=D mt 	 (8.4-28)	

This	procedure	serves	two	functions.	First,	the	reduction	in	main	time	step	produces	a	
corresponding	reduction	in	the	PRIMAR	time	step,	thereby	allowing	the	loop	model	to	
continue	a	 stable	calculation	on	 the	 initiation	of	pin	 failure.	Second,	 the	 reduced	 time	
step	on	initiation	of	failure	avoids	excessive	fuel	motion	in	PLUTO2	and	LEVITATE	prior	
to	the	time	these	failed	pin	models	can	initiate	their	own	time-step	control	procedures.	

8.5 General	Method	of	Solution	
DEFORM-4	 is	 coupled	 to	 the	 rest	 of	 SAS4A	 through	 two	main	 driver	 subroutines;	

SSFUEL	 for	 the	 pre-transient	 calculation,	 and	 DFORM3	 for	 the	 transient-state	
calculations.	 In	this	manner,	 the	DEFORM-4	subroutines	can	be	considered	a	separate	
code	 module	 which	 uses	 results	 from	 the	 SAS4A	 thermal/hydraulic	 calculation,	
temperatures	 and	 coolant	 pressures,	 and	 returns	 a	 new	 set	 of	 pin	 dimensions	 and	
properties.	A	general	outline	of	this	interaction	scheme	is	shown	in	Figure	8.5-1.	

In	the	integration	of	DEFORM-4	into	SAS4A,	one	of	the	primary	considerations	was	
to	 minimize	 the	 core	 storage	 and	 computational	 effort	 necessary	 when	 running	 a	
multichannel	 case	 with	 a	 long	 pre-transient	 and	 transient	 sequence.	 Based	 on	 these	
considerations,	 it	was	 decided	 to	 avoid	 the	 thermalmechanical	 iteration	 process	 and,	
instead,	 provide	 time-step	 control	 for	 up	 to	 eight	 separate	 pre-transient	 irradiation	
periods.	 This	will	 be	 discussed	 in	more	 detail	 below.	 In	 the	 transient	 state,	 the	 time	
steps	 are	 short	 enough	 to	 avoid	 the	 problem	 of	 inconsistent	 results	 between	 the	
thermal	and	mechanical	calculations.	

As	 Figure	 8.5-1	 shows,	 SAS4A	 performs	 thermal/hydraulic	 calculations	 over	 a	
specific	 time	step	 in	response	 to	power	and	coolant	conditions.	During	 this	 time	step,	
the	dimensions	are	assumed	to	remain	constant.	SAS4A	then	passes	to	DEFORM-4	the	
temperatures	at	the	beginning	and	end	of	the	time	step,	the	final	coolant	pressures,	and	
the	 length	of	 the	 time	 step.	DEFORM-4	uses	 this	 information	 to	 calculate	 the	 fuel-pin	
response	 to	 the	 temperature	 changes	 and	 returns	 to	 SAS4A	 a	 new	 set	 of	 dimensions	
consistent	with	the	final	thermal/hydraulic	conditions.	These	new	dimensions	are	then	
used	 in	 the	 calculation	 of	 the	 temperatures	 at	 the	 end	 of	 the	 next	 time	 step.	 In	 this	
manner	 SAS4A	 and	DEFORM-4	march	 through	 the	 entire	 pre-transient	 and	 transient	
calculation.	
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The	 flowchart	 shown	 in	 Figure	 8.5-2	 illustrates	 the	 calling	 sequence	 in	 the	
pre-transient	 driver,	 SSFUEL,	 and	 Fig.	 Figure	 8.5-3	 shows	 it	 in	 the	 transient	 driver,	
DFORM3.	Each	phenomenon	considered	is	modularized	into	a	separate	subroutine.	This	
makes	the	inclusion	of	new	models	and	phenomena	a	very	straightforward	process	of	
replacing	or	modifying	specific	subroutines.	This	same	procedure	has	been	followed	in	
the	 incorporation	 of	material	 properties,	 as	 outlined	 in	 Section	 8.7.	 A	 number	 of	 the	
phenomena	 used	 in	 the	 pre-transient	 calculation	 are	 not	 included	 in	 the	 transient	
calculation.	 Since	 the	 time	 scale	 of	 the	 transient	 is	 orders	 of	magnitude	 less	 than	 the	
pre-transient,	 phenomena	 such	 as	 pore	 migration	 and	 irradiation-induced	 cladding	
swelling	are	assumed	to	be	inactive,	or	 less	than	second-order	effects.	 In	this	manner,	
the	 transient	 calculation	 is	 streamlined.	 If	 a	 particular	 case	 needs	 to	 include	 these	
phenomena	 in	 the	 transient,	 their	 inclusion	 is	 merely	 a	 matter	 of	 including	 the	
appropriate	"CALL"	statements	in	the	transient	driver	routine.	

For	the	mechanics	calculation,	the	same	routines	are	used	in	both	the	pre-transient	
and	 transient	 calculation.	 In	 this	 way,	 the	 pre-transient	 is	 considered	 an	 extended	
transient	 calculation.	 Since	 both	 states	 use	 the	 same	 routines,	 the	 use	 of	 computer	
storage	 is	 minimized.	 Also,	 since	 phenomenological	 changes	 take	 place	 that	 impact	
temperatures	and	dimensions,	 the	pretransient	 is	a	 special	 transient.	 In	order	 to	 take	
maximum	advantage	 of	 this	 basic	 structure,	 the	 ability	 to	 input	 ability	 to	 input	 up	 to	
eight	different	ramps	or	steady-state	levels	is	incorporated	into	the	SAS4A	pre-transient	
calculation.	It	is	therefore	possible	to	follow	a	simplified	power	history	prior	to	the	start	
of	the	transient.	
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Figure	8.5-1.	DEFORM-4	-	SAS4A	Time	Step	Interaction	Scheme	
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Figure	8.5-2.	Pretransient	DEFORM-4	Driver	(SSFUEL)	Flow	Chart	
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Figure	8.5-3.	Transient	DEFORM-4	Driver	(DFORM3)	Flow	Chart	
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In	the	current	version	of	DEFORM-4,	an	approach	has	been	adopted	which	separates	
the	elastic	and	plastic	deformation.	These	are	linked	through	the	fuel-cladding	interface	
pressure.	 The	 basic	 mechanics	 approach	 is	 through	 a	 generalized	 plane	 strain	
representation	with	 an	 elastic	 cladding.	 The	 plastic	 deformation	 is	 derived	 from	 two	
sources.	 If	 the	 fuel-cladding	 interface	 pressure	 produces	 cladding	 stresses	 below	 the	
flow	stress,	plastic	deformation	can	occur	through	the	process	of	creep.	If	the	stresses	
induced	exceed	the	flow	stress,	the	cladding	is	assumed	to	behave	in	a	perfectly	plastic	
manner	 and	 the	 outer	 boundary	 condition	 on	 the	 fuel	 becomes	 the	 pressure	 that	
produces	 cladding	 stresses	 equal	 to	 the	 flow	 stress.	 In	 this	 situation,	 the	 radial	
deformation	 is	 determined	 by	 the	 fuel	 displacement	 until	 conditions	 return	 to	 the	
elastic	state.	

The	calculations	are	performed	on	an	axial	segment	by	segment	basis,	starting	at	the	
lower	axial	blanket	and	continuing	upward	to	 the	 top	axial	blanket.	A	complete	set	of	
calculations	for	the	response	of	the	axial	segment	is	performed	before	proceeding	to	the	
next	segment.	

8.5.1 Thermal-mechanical	Solution	
The	thermal-hydraulic	routines	in	SAS4A	provide	DEFORM-4	with	the	new	coolant	

pressures	 and	 temperature	 in	 the	 fuel,	 cladding,	 coolant,	 and	 structure.	 DEFORM-4	
must	then	calculate	the	thermal-mechanical	response	of	the	fuel-cladding	system	to	the	
changes	during	the	time	step.	With	the	temperature	changes	and	coolant	pressure	now	
from	 SAS4A,	 only	 one	 additional	 boundary	 condition	 remains	 as	 input	 to	 the	
calculation,	 the	 central	 cavity	 pressure.	 If	 no	 fuel	 melting	 has	 occurred,	 or	 the	 axial	
segment	is	not	in	the	axial	region	considered	to	be	the	molten	cavity,	this	pressure	is	set	
equal	to	the	plenum	pressure	existing	at	the	end	of	the	previous	time	step.	If	molten	fuel	
is	 present,	 then	 the	 axial	 pressure	 distribution	 is	 determined	 from	 the	 results	 of	 the	
molten	cavity	pressure	subroutine	CAVITE,	see	Section	8.3.7.	This	is	the	boundary	force	
acting	 on	 the	 inner	 surface	 of	 the	 non-molten	 fuel.	 The	 remaining	 force	 necessary	 to	
completely	 describe	 the	 external	 force	 system	 is	 the	 fuel-cladding	 interface	 pressure,	
and	this	is	determined	through	the	iterative	procedure	described	below.	

In	 Figure	 8.5-4,	 the	 main	 sequence	 of	 the	 mechanics	 driven	 routine,	 DEFORM,	 is	
illustrated.	After	initializing	certain	parameters,	such	as	the	thermal	expansion	strains,	
moduli	of	elasticity,	etc.,	the	fuel	is	checked	to	see	if	it	is	fully	cracked	or	molten	out	to	
the	 cracked	 region.	 If	 a	 solid,	 non-	 cracked	 annulus	 of	 fuel	 still	 exists,	 the	 solid	 fuel	
elastic	solution	routine	SOLID	is	called.	 If	 it	 is	determined	 in	this	routine	that	 the	 fuel	
becomes	completely	cracked	during	the	time	step,	the	crack	fuel	elastic	solution	routine	
MKDRIV	 is	 called.	 This	 routine	 would	 have	 been	 called	 initially	 if	 the	 fuel	 was	
completely	cracked	at	the	beginning	of	the	time	step.	
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Figure	8.5-4.	DEFORM-4	Mechanics	driver	(DEFORM)	Flow	Chart	
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The	sequence	of	operations	within	the	subroutine	SOLID	 is	shown	in	Figure	8.5-5.	
The	main	 purpose	 of	 this	 routine	 is	 to	 determine	 the	 correct	 fuel-cladding	 interface	
pressure	when	a	solid,	uncracked	fuel	annulus	exists	at	the	beginning	of	the	time	step.	
Since	 the	 coolant	 pressure	 and	 central	 cavity	 pressure	 have	 been	 determined,	 SOLID	
must	determine	the	fuel-cladding	interface	pressure	that	produces	consistency	between	
the	outer	fuel	surface	and	inner	cladding	surface	locations.	

The	 approach	 used	 in	 the	 solution	 procedure	 in	 SOLID	 is	 to	 recognize	 that	 the	
fuel-cladding	 interface	 pressure	 is	 a	 bounded	 variable.	 It	 is,	 at	 least,	 the	 plenum	
pressure,	but	cannot	exceed	the	value	that	would	produce	plastic	flow	in	the	cladding.	
SOLID	therefore	iterates	to	determine	the	value	between	these	bounds	that	produces	a	
consistent	set	of	conditions.	As	a	first	estimate,	the	interface	pressure	from	the	previous	
time	step	is	used.	This,	together	with	the	thermal	expansion	in	the	current	time	step,	is	
used	 to	 calculate	 the	 axial	 expansion	 in	 EXPAND,	 the	 non-molten	 fuel	 stresses	 and	
strains	 in	 FSIGMA,	 the	 crack	 volume	 fraction	 in	 CRAKER,	 the	 cladding	 stresses	 and	
strains	 in	 CSIGMA,	 and	 the	 fuel	 swelling	 strains	 in	 FSWELL.	 Each	 of	 these	 routines	
calculate	 the	 incremental	 changes	 that	 occur	 from	 the	 previous	 time	 step	 results	 in	
response	to	the	changes	occurring	during	the	current	time	step.	If	complete	cracking	of	
the	fuel	occurs	during	the	time	step,	control	is	passed	to	the	subroutine	MKDRIV.	If	part	
of	the	fuel	remains	uncracked,	then	the	new	fuel-cladding	gap	is	examined	to	determine	
if	a	consistent	set	of	conditions	exists.	

If	 a	 gap	 exists	 and	 the	 interface	 pressure	 is	 the	 plenum	 pressure,	 the	 solution	 is	
finished.	 If	 there	 is	 an	 interface	 pressure	 greater	 than	 the	 plenum	 pressure	 and	 the	
fuel-cladding	gap	is	zero,	then	the	solution	is	finished.	If	there	is	a	negative	gap	and	the	
interface	pressure	produces	the	flow	stress,	the	cladding	is	 in	plastic	deformation	and	
the	fuel	determines	the	deformation,	so	the	solution	is	finished.	

The	more	interesting	case	involves	a	negative	gap	with	an	interface	pressure	below	
that	 necessary	 to	 cause	plastic	 deformation	 of	 the	 cladding.	 In	 this	 case	 the	 interface	
pressure	 is	 first	 set	 to	 that	 which	would	 cause	 plastic	 flow,	 and	 the	 calculations	 are	
repeated.	 This	 second	 calculation	 through	 EXPAND,	 FSIGMA,	 CRAKER,	 CSIGMA,	 and	
FSWELL	then	provides	the	upper	bound	on	the	interface	pressure.	If	the	gap	becomes	
positive,	the	correct	value	of	the	interface	pressure	is	between	the	initial	and	the	new	
estimate.	 Based	 on	 the	 changes	 in	 gap	 size	 as	 a	 function	 of	 the	 change	 in	 interface	
pressure,	 and	 the	magnitude	of	 the	deformation	necessary	 to	produce	a	match	of	 the	
outer	 fuel	 and	 inner	 cladding	 surfaces,	 a	 third	 estimate	 of	 the	 interface	 pressure	 is	
obtained	assuming	a	linear	relationship	between	interface	pressure	and	gap	size.	This	
procedure	 is	 continued	 until	 a	 fuel-cladding	 surface	 match	 is	 achieved	 within	 the	
desired	tolerance	or	the	fuel	cracks	completely.	
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Figure	8.5-5.	DEFORM-4	Mechanics	Interaction	Solution	(SOLID)	Flow	Chart	
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When	the	applied	interface	pressure,	cavity	pressure,	and	thermal	stresses	produce	
a	stress	state	in	the	fuel	sufficient	to	cause	the	circumferential	stress	to	exceed	the	fuel	
crack	strength	in	a	previously	uncracked	fuel	cell,	then	the	routine	FSIGMA	will	redo	its	
internal	calculation	with	the	new	distribution	of	uncracked	and	cracked	fuel	cells.	This	
routine	 will	 allow	 cracking	 to	 occur	 in	 all	 nodes	 where	 the	 circumferential	 stress	
exceeds	 the	 fracture	 strength.	Prior	 to	 each	 invocation	of	EXPAND,	FSIGMA,	CRAKER,	
CSIGMA,	 and	 FSWELL,	 the	 crack	 state	 of	 the	 fuel	 is	 reset	 to	 the	 condition	 at	 the	
beginning	of	the	time	step.	

In	the	case	where	all	non-molten	fuel	is	cracked,	the	thermal-mechanical	solution	is	
controlled	 by	 the	 subroutine	MKDRIV.	 The	 sequence	 of	 operations	 for	 this	 routine	 is	
shown	in	Figure	8.5-6.	There	is	no	iteration	because	the	fuel-cladding	interface	pressure	
must	be	consistent	with	the	cavity	pressure	and	the	solid	fuel	geometry.	Knowing	these	
two	 boundary	 conditions,	 the	 strains	 and	 fission	 gas	 induced	 swelling	 can	 be	
determined.	If	the	fuel-cladding	interface	is	open	and	the	cavity	pressure	is	equal	to	the	
plenum	 pressure,	 no	movement	 of	 the	 cracked	 fuel	 takes	 place	 beyond	 the	 thermal-
elastic	 and	 swelling	 strains.	 If	 the	 cavity	 is	pressurized,	 the	 cracked	 fuel	 is	 translated	
radially	to	the	cladding	 location.	 If	 the	fuel-cladding	gap	is	negative,	 the	fuel	 is	moved	
inward	to	provide	a	match	at	the	cladding	location.	In	both	cases,	the	crack	volumes	are	
adjusted	to	be	consistent	with	the	radial	translation.	

In	 the	 pre-transient	 calculation,	 the	 cracked	 fuel	 is	 allowed	 to	 heal	 if	 the	
temperature	 is	 high	 enough.	 A	 healing	 temperature	 is	 determined	 based	 on	 the	 fuel	
solidus	temperature.	

sHH TfT = 	 (8.5-1)	

where	
TH	 =	 Crack	healing	temperature,	K	

fH	 =	 Input	fraction	

Ts	 =	 Fuel	solidus	temperature,	K	

If	the	fuel	cell	temperature	is	higher	than	this	healing	temperature,	the	cell	is	assumed	
to	 become	 solid	 again.	 This	 healing	 does	 not	 take	 place	 in	 the	 transient	 calculation	
where	the	time	scale	is	too	short.	
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Figure	8.5-6.	DEFORM-4	Mechanics	Interaction	Solution	with	Fully	Cracked	Fuel	

(MKDRIV)	Flow	Chart	

	 	



	 DEFORM-4:	Steady-State	and	Transient	Pre-Failure	Pin	Behavior	

ANL/NE-16/19	 	 8-111	

8.5.2 Plastic	Fuel	Deformation	Solution	
The	routine	FSWELL	handles	all	plastic	 fuel	deformations.	The	basic	equations	 for	

the	non-equilibrium	fission-gas	bubbles	are	given	in	Section	8.3.4.	
First,	 the	 fuel	 hydrostatic	 pressure	 in	 each	 radial	 fuel	 node	 is	 calculated.	 The	

fission-gas	bubble	swelling	or	hot	pressing	 in	each	node	 is	 then	determined.	Once	the	
swelling	strains	are	known,	the	new	fuel	node	boundaries	are	calculated.	

In	 determining	 whether	 a	 fuel	 cell	 will	 move	 radially	 outward	 or	 inward,	 the	
concept	 of	 a	 plasticity	 temperature	 is	 used.	 If	 the	 fuel	 temperature	 is	 above	 the	
plasticity	 temperature,	 Tsep,	 it	 is	 assumed	 that	 the	 fuel	 is	 soft	 enough	 to	 be	 easily	
deformed	and	will	move	radially	inward	in	response	to	the	restriction	of	the	cooler	fuel.	
This	softening	temperature	is	defined	as	

fcisssep TTT s21 += 	 (8.5-2)	

where	
Ts1	 =	 Input	base	softening	temperature,	K	

Ts2	 =	 Pressure	effect	constant,	K	Pa-1	

σfci	 =	 Fuel-cladding	interface	stress,	Pa	

The	cooler	fuel	cells	move	radially	outward.	If	the	central	void	closes,	the	inner	radius	is	
fixed	to	a	nominal	zero	value,	1	x	10-6,	and	all	movement	is	radially	outward.	If	the	fuel	
is	 cracked	 across	 its	 entire	 radial	 extent,	 the	 movement	 is	 determined	 as	 described	
above.	

In	the	molten	cavity	region,	the	volume	changes	calculated	by	CAVITE	(see	Section	
8.3.7)	 are	 included	 in	 the	 redefinition	of	 the	node	boundaries.	 In	 the	 solid	nodes,	 the	
remaining	 as-fabricated	 porosity	 and	 any	 fuel	 crack	 volume	 are	 included	 with	 the	
fission-gas	 porosity	 in	 determining	 the	 new	 cell	 volumes.	 Once	 all	 the	 new	 node	
boundaries	 have	 been	 determined,	 the	 variation	 from	 the	 original	 is	 calculated	 and	
these	node	deformations	are	passed	to	the	controlling	solution	routine.	

Once	a	 solution	 is	obtained,	 all	dimensions	and	stresses	are	updated	 to	 their	 final	
values,	and	the	final	plastic	strain	calculated	(if	any).	

8.5.3 Final	DEFORM-4	Calculations	
After	 the	 thermal-mechanical	 calculations	 are	 finished,	 DEFORM-4	 calculates	 the	

fuel	 axial	 expansion	 reactivity	 effects	 (see	 Section	 8.3.9).	 The	 new	 plenum	 pressure,	
based	on	the	new	dimensions,	temperatures,	and	fission	gas	release	is	then	calculated	
in	the	subroutine	PRESPL.	The	new	gap	conductance	values	for	use	in	the	next	time	step	
are	 determined.	 Control	 of	 the	 calculation	 is	 then	 returned	 to	 the	 SAS4A	
thermal/hydraulic	routines	for	the	calculation	of	the	temperatures	and	coolant	state	for	
the	next	time	step.	
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8.6 Computer	Code	Implementation	
The	DEFORM-4	module	is	implemented	in	SAS4A	as	a	group	of	subroutines.	Section	

8.6.1	 gives	 a	 list	 of	 these	 subroutines	 and	 a	 brief	 description	 of	 the	 calculation	
performed	by	each.	The	direct	coupling	with	SAS4A	is	through	the	subroutine	SSFUEL	
for	the	pre-transient	calculation,	and	DFORM3	for	the	transient	calculation.	

The	input	parameters	necessary	for	DEFORM-4	to	perform	its	calculations	are	given	
in	 Table	 8.6-2.	 This	 table	 also	 includes	 cross-references	 to	 the	 equation	 or	 section	
number	where	the	parameter	is	used,	the	input	location	and	variable	name,	a	suggested	
value	(assuming	mixed-oxide	fuel	with	20,%	cold-worked,	stainless-steel	cladding),	and	
the	 external	 reference	where	 the	 suggested	 value	 originated.	 Further	 information	 on	
the	input	parameters	is	given	in	the	Input	Description	(see	Chapter	2	Appendix	2.2).	

In	Section	8.6.3	a	brief	description	of	 the	output	generated	by	DEFORM-4	is	given.	
The	 sample	 output	 given	 in	 Figure	 8.6-1	 through	 8.6-13	 are	 included	 for	 illustration	
only,	and	should	not	be	used	as	a	sample	case.	

8.6.1 Subroutine	and	Function	List	

Table	8.6-1.	DEFORM-4	Associated	Subroutines	and	Functions	

ALPHC	 Mean	thermal	expansion	coefficient	of	the	cladding	

ALPHF	 Mean	thermal	expansion	coefficient	of	the	fuel	

CAVITE	 Molten	cavity	gas	release	and	pressurization	

CLADSW	 Irradiation-induced	cladding	swelling	

CLDFAL	 Cladding	failure	fraction	calculations	

CRAKER	 Volume	fraction	of	cracks	in	fuel	

CSIGMA	 Thermal-elastic	calculation	in	the	cladding	

DEFINI	 Initial	setup	routine	

DEFORM	 Main	mechanics	driver	routine	

DFORM3	 DEFORM-4	interface	to	SAS4A	for	transient	calculation	

ECLADF	 Cladding	modulus	of	elasticity	function	

EFUELF	 Fuel	modulus	of	elasticity	function	

EXPAND	 Thermal-mechanical	axial	expansion	routine	

FAILUR	 Determination	of	reaching	failure	criterion	

FK	 Fuel	thermal	conductivity	function	

FSIGMA	 Thermal-elastic	calculation	in	the	fuel	
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FSWELL	 Fission-gas	bubble	swelling/compaction	routine	

GRGROW	 Grain	growth	in	the	fuel	

HGAP	 Fuel-cladding	gap	conductance	function	

KFUEL	 Thermal	conductivity	of	the	fuel	

MKDRIV	 Thermal-elastic	and	interface	pressure	control	routine	when	solid	fuel	is	
completely	cracked	

NABOND		 Fuel-cladding	gap	conductance	for	sodium-bonded	metal	fuel	

OUTPT3	 Short	form	output	routine	

	OUTPT4	 Standard	output	routine	

PORMIG	 As-fabricated	porosity	migration	routine	

PRESPL	 Plenum	pressure	calculation	

RELAX	 Stress	relaxation	in	the	fuel	(not	operational)	

RELGAS	 Fission	gas	release	in	the	fuel	

RHOF	 Theoretical	density	of	fuel,	solid	and	liquid	

RHOL	 Density	of	liquid	fuel	(not	currently	used)	

RHOS	 Density	of	solid	fuel	(not	currently	used)	

SOLID	 Thermal-elastic	and	interface	pressure	iteration	control	routine	

SIGFRA	 Fracture	strengths	of	the	fuel	

SSFUEL	 DEFORM-4	interface	to	SAS4A	for	pre-transient	irradiation	

UTS	 Ultimate	tensile	strength	of	the	cladding	

YLDCF	 Yield	point	of	the	cladding	
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8.6.2 Input	Variables	

Table	8.6-2.	DEFORM-4	Input	Variables	

Equation	
Variable	

Reference	Eq.	
Or	Section	No.	

SAS4A	Input	
Variable	

Location	
Block	 Location	

Suggeste
d	Value	

External	
Reference	

-	 -	 IPROPT	 1	 6	 0	 -	

-	 -	 IYLD	 1	 26	 2	 -	

-	 8.3.7	 IMELTV	 1	 28	 1	 -	

-	 -	 IXSTPC	 1	 32	 0	 -	

-	 -	 IXSTPF	 1	 33	 0	 -	

-	 -	 IMCVTY	 1	 34	 0	 -	

-	 -	 IAREXT	 1	 40	 0	 -	

-	 -	 POW	 12	 1	 -	 -	

-	 8.3-166	 BETADN	 12	 4-9	 -	 -	

ρo	 8.7-1	 COEFDS(1)	 13	 1	 11.08D+3	 8-17	

C1	 8.7-1	 COEFDS(2)	 13	 2	 2.04D-5	 8-17	

C2	 8.7-1	 COEFDS(3)	 13	 3	 8.70D-9	 8-17	

C1	 8.7-13	 COEFK(1)	 13	 4	 2.10D+0	 8-32	

C2	 8.7-13	 COEFK(2)	 13	 5	 2.88D-3	 8-32	

C3	 8.7-13	 COEFK(3)	 13	 6	 2.52D-5	 8-32	

C4	 8.7-13	 COEFK(4)	 13	 7	 5.83D-10	 8-32	

C5	 8.7-14	 COEFK(5)	 13	 8	 5.75D-2	 8-32	

C6	 8.7-14	 CEOFK(6)	 13	 9	 5.03D-4	 8-32	

C7	 8.7-14	 COEFK(7)	 13	 10	 2.91D-11	 8-32	

Tr	 8.2-5	 TR	 13	 419	 300.	 -	

MWfg	 8.3-24	 FGMM	 13	 600	 131.	 -	

fg	 8.3-22	 GATPF	 13	 601	 0.246	 8-17	

Ef	 8.3-23	 ENPF	 13	 602	 197.	 -	

Req	 8.3-7	 RLEQ	 13	 603	 0.6	 -	

Rueq	 8.3-21	 RUEQ	 13	 604	 1.2	 -	

-	 8.3.1	 PRSMIN	 13	 605	 0.02	 -	
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Equation	
Variable	

Reference	Eq.	
Or	Section	No.	

SAS4A	Input	
Variable	

Location	
Block	 Location	

Suggeste
d	Value	

External	
Reference	

Ts	 8.3-87	 TFSOL	 13	 786-793	 -	 -	

Tl	 8.3-87	 TFLIQ	 13	 794-801	 -	 -	

Po	 8.3-7	 PRSTY	 13	 1073-
1080	

-	 -	

Not	currently	used	 AC	 13	 1081	 -	 -	

Not	currently	used	 QSWL	 13	 1082	 -	 -	

Ap	 8.3-1	 APORE	 13	 1083	 20.704	 8-6	

Qp	 8.3-1	 QPORE	 13	 1084	 4.5281D+
5	

8-6	

A	 8.3-1	 ABC	 13	 1085	 1.5	 8-6	

R	 -	 RGASSI	 13	 1086	 8.31433	 -	

γ	 8.3-45	 GAMMA	 13	 1087	 0.45	 8-6	

Apg	 8.3-44	 APG	 13	 1088	 5.0D+4	 8-6	

Qpg	 8.3-44	 QPG	 13	 1089	 56506.5	 8-6	

Gk	 8.3-11	 GK	 13	 1090	 1.717D+1
0	

8-11	

Qv	 8.3-11	 QV	 13	 1091	 3.87D+5	 8-11	

G	 8.3-13	 GK1	 13	 1092	 1.4556D-
8	

8-12	

Q	 8.3-13	 QV1	 13	 1093	 2.67D+5	 8-12	

Gm	 8.3-12	 GRAINK	 13	 1094	 2.23D-3	 8-12	

Qm	 8.3-12	 GRAINQ	 13	 1095	 6.3375D+
4	

8-12	

Cv	 8.3-145	 CVXE	 13	 1096	 94.69	 8-30	

Cv	 8.3-145	 CVHE	 13	 1097	 3.13D+3	 8-30	

δf	 8.3-143	 ROFF	 13	 1098	 3.30D-06	 -	

δc	 8.3-143	 ROFC	 13	 1099	 1.78D-06	 -	

Not	currently	used	 AZEROX	 13	 1100	 -	 -	

γ	 8.3-145	 GAMGS	 13	 1101	 1.66	 8-30	

Not	currently	used	 HARDNS	 13	 1102	 -	 -	
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Equation	
Variable	

Reference	Eq.	
Or	Section	No.	

SAS4A	Input	
Variable	

Location	
Block	 Location	

Suggeste
d	Value	

External	
Reference	

Not	currently	used	 ET	 13	 1103	 1.0		 8-30	
	

ai	 8.3-144	 ACCHE	 13	 1104	 0.15	 8-19	

ai	 8.3-144	 ACCXE	 13	 1105	 0.85	 8-19	

Co	 8.3-146	 CZERO	 13	 1106	 1.98	 8-30	

σ	 8.3-135	 STEBOL	 13	 1107	 5.69D-8	 -	

εf	 8.3-135	 EMSF	 13	 1108	 0.9	 8-19	

εc	 8.3-135	 EMSC	 13	 1109	 0.8	 8-19	

QA1	 8.3-42	 QA1	 13	 1110	 6.92D+3	 8-16	

QA2	 8.3-42	 QA2	 13	 1111	 33.95	 8-16	

QA3	 8.3-43	 QA3	 13	 1112	 0.338	 8-16	

QA4	 8.3-43	 QA4	 13	 1113	 1.48D+4	 8-16	

QA5	 8.3-43	 QA5	 13	 1114	 9.575	 8-16	

Aα	 8.3-33	 ALFSS	 13	 1115	 2.0D-04	 -	

Qα/R	 8.3-33	 BETSS	 13	 1116	 1.1D+04	 -	

vc	 8.2	 CNU	 13	 1117	 0.3	 8-17	

vf	 8.2	 FNU	 13	 1118	 0.3265	 8-17	

Not	currently	used	 AM	 13	 1119	 -	 -	

Not	currently	used	 QLAX	 13	 1120	 -	 -	

Not	currently	used	 QLAX2	 13	 1121	 -	 -	

Not	currently	used	 DDX	 13	 1122	 -	 -	

Not	currently	used	 DDX2	 13	 1123	 -	 -	

fgb	 8.3-29	 FIFNGB	 13	 1148	 0.10	 -	

fm	 8.3-81	 FNMELT	 13	 1169	 0.30	 -	

τg	 8.3-107	 CIRTFS	 13	 1170	 16.67	 -	

C3	 8.7-2	 COEFDL(2)	 13	 1201	 9.3D-5	 8-17	

Not	currently	used	 QSTAR	 13	 1202	 -	 -	

Not	currently	used	 ABCDU	 13	 1203	 -	 -	

Not	currently	used	 QPU	 13	 1204	 -	 -	
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Equation	
Variable	

Reference	Eq.	
Or	Section	No.	

SAS4A	Input	
Variable	

Location	
Block	 Location	

Suggeste
d	Value	

External	
Reference	

Not	currently	used	 DPUO	 13	 1205	 -	 -	

Not	currently	used	 TMIDFG	 13	 1218	 -	 -	

Not	currently	used	 FGSPRD	 13	 1219	 -	 -	

Not	currently	used	 FGPORX	 13	 1220	 -	 -	

Not	currently	used	 FGMIN	 13	 1221	 -	 -	

Not	currently	used	 HECOND	 13	 1222	 1.58D-3	 8-38	

Not	currenty	used	 FGCOND	 13	 1223	 7.2D-5	 8-38	

Not	currently	used	 AKCOND	 13	 1224	 0.75	 8-38	

Mn	 8.3-140	 HEMM	 13	 1225	 4	 -	

sfp	 8.3-62	 EPSSFP	 13	 1226	 2.46D-3	 8-17	

Not	currently	input	 HEMASX	 13	 1227	 -	 -	

Not	currently	input	 ZSWFAC	 13	 1228	 -	 -	

Af	 8.2-57	 FAXFAL	 13	 1258	 1.0	 -	

εcw	 8.3-62	 FCLDWK	 13	 1259	 -	 -	

Not	currently	used	 FMELTD	 13	 1260	 -	 -	

Not	currently	used	 FSTRAN	 13	 1261	 -	 -	

fH	 8.5-1	 FTMPCH	 13	 1262	 0.6	 -	

fa	 8.3-116	 EXPCOF	 13	 1263	 1.0	 -	

-	 -	 PRTSTR	 13	 1264	 0.0	 -	

-	 -	 PRTDEL	 13	 1265	 0.0	 -	

-	 8.4.3	 FIRLIM	 13	 1266	 0.80	 -	

-	 8.4.3	 SECLIM	 13	 1267	 0.95	 -	

-	 8.4.3	 THRLIM	 13	 1268	 0.98	 -	

-	 8.4.3	 DTFAL1	 13	 1269	 0.020	 -	

-	 8.4.3	 DTFAL2	 13	 1270	 0.010	 -	

-	 8.4.3	 DTFAL3	 13	 1271	 0.002	 -	

Not	currently	used	 AKD	 13	 1272	 -	 -	

Not	currently	used	 CKD	 13	 1273	 -	 -	



The	SAS4A/SASSYS-1	Safety	Analysis	Code	System	

8-118	 	 ANL/NE-16/19	

Equation	
Variable	

Reference	Eq.	
Or	Section	No.	

SAS4A	Input	
Variable	

Location	
Block	 Location	

Suggeste
d	Value	

External	
Reference	

Not	currently	used	 QKD	 13	 1274	 -	 -	

-	 8.3.6	 FGFI	 13	 1275	 -	 -	

-	 8.7.4	 IRHOK	 51	 3	 3	 -	

N	 8.3-27	 NT	 51	 14	 11	 -	

-	 -	 IFUELV	 51	 15	 -	 -	

-	 -	 IFUELB	 51	 16	 -	 -	

-	 -	 ICLADV	 51	 17	 -	 -	

-	 8.3.3	 KTING	 51	 19	 0	 -	

-	 -	 NAXOP	 51	 20	 25	 -	

-	 -	 MSTEP	 51	 21	 -	 -	

-	 8.3.5	 ITAU	 51	 22	 0	 8-17	

-	 8.3.5	 IRATE	 51	 23	 0	 8-17	

-	 8.3.8	 IHGAP	 51	 24	 1	 -	

Npps	 8.3-166	 NPIN	 51	 25	 -	 -	

Nspc	 8.3-166	 NSUBAS	 51	 26	 -	 -	

-	 8.1	 MZUB	 51	 27	 -	 -	

-	 8.1	 MZLB	 51	 28	 -	 -	

-	 -	 FRELAX	 51	 30	 0	 -	

n	 8.3-11	 NGRAIN	 51	 31	 4	 8-11	

-	 -	 ISSFUE	 51	 32	 1	 -	

-	 -	 NPLIN	 51	 37-44	 -	 -	

-	 -	 JPRNT1	 51	 46	 0	 -	

-	 -	 JPRNT2	 51	 47	 0	 -	

-	 -	 NNBUG1	 51	 48	 0	 -	

-	 -	 NNBUG2	 51	 49	 0	 -	

-	 -	 IDBUGF	 51	 50	 0	 -	

-	 -	 NSKIP	 51	 51-58	 -	 -	

-	 -	 MFAIL	 51	 86	 3	 -	
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Equation	
Variable	

Reference	Eq.	
Or	Section	No.	

SAS4A	Input	
Variable	

Location	
Block	 Location	

Suggeste
d	Value	

External	
Reference	

-	 -	 IFAIL	 51	 87	 0	 -	

-	 -	 JFAIL	 51	 88	 0	 -	

-	 8.3.4.1	 IPSIG	 51	 95	 3	 -	

-	 -	 IHTPRS	 51	 96	 0	 -	

-	 -	 IPRD	 51	 97	 3	 -	

-	 8.1	 IEQMAS	 51	 118	 1	 -	

-	 -	 ISSFU2	 51	 122	 1	 -	

-	 -	 IHEALC	 51	 123	 2	 -	

-	 -	 IAXTHF	 51	 124	 1	 -	

A	 8.3.9	 AXHI	 61	 8-31	 -	 -	

-	 -	 PLENL	 61	 53	 -	 -	

-	 -	 RBR	 61	 54-77	 -	 -	

-	 -	 RER	 61	 78-101	 -	 -	

-	 -	 RBRPL	 61	 102	 -	 -	

-	 -	 RERPL	 61	 103	 -	 -	

-	 -	 RINFP	 61	 104-127	 -	 -	

-	 -	 ROUTFP	 61	 128-151	 -	 -	

-	 -	 RBR0	 61	 180	 -	 -	

-	 -	 RER0	 61	 181	 -	 -	

-	 -	 PSHAPE	 62	 6-29	 -	 -	

S	 8.3-27	 PSHAPR	 62	 30-44	 -	 -	

-	 -	 PLIN	 62	 45-52	 -	 -	

-	 -	 TPLIN	 62	 53-60	 -	 -	

-	 -	 FLTPOW	 62	 61	 -	 -	

-	 8.3.9	 FUELRA	 62	 208-231	 -	 -	

A	 8.3-152	 AHBPAR	 63	 2	 0.0	 8-22	

B	 8.3-152	 BHBPAR	 63	 3	 0.0	 8-22	

C	 8.3-152	 CHBPAR	 63	 4	 0.0	 8-22	
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Equation	
Variable	

Reference	Eq.	
Or	Section	No.	

SAS4A	Input	
Variable	

Location	
Block	 Location	

Suggeste
d	Value	

External	
Reference	

-	 8.3.8	 HBMAX	 63	 5	 4.0D+4	 8-22	

-	 8.3.8	 HBMIN	 63	 6	 1.0D+2	 -	

H	 8.3-152,	153	 HBPAR	 63	 7	 0.0	 -	

Do	 8.3-21	 DGO	 63	 26	 1.0D-5	 	

Pogas	 8.3-6	 POGAS	 63	 27	 -	 -	

	 FCLOP	 63	 68	 -	 -	

Ts1	 8.5-2	 TSEP1	 63	 69	 2.2D+3	 -	

Ts2	 8.5-2	 TSEP2	 63	 70	 1.0D-8	 -	

	 BONDNA	 63	 71	 -	 -	

	 REFDEN	 63	 72	 -	 -	

-	 8.4	 FSPEC	 65	 1	 -	 -	

-	 8.4	 FMELTM	 65	 2	 0.20	 -	
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8.6.3 Output	Specific	to	DEFORM-4	
Figure	8.6-1	through	8.6-13	show	a	sample	of	the	output	generated	by	DEFORM-4.	

This	sample	is	for	a	section	of	pre-transient	output,	but	the	same	output	is	generated	in	
the	transient	case.	What	follows	is	a	very	brief	discussion	of	the	output	format	for	each	
page.	

Figure	8.6-1	

The	standard	SAS4A	coolant	temperature/pressure	summary.	

Figure	8.6-2	

Fuel	node	boundary	locations	and	cell	temperatures.	Radial	and	axial	node	numbers	
are	shown.	Under	"IZ"	is	the	node	number	of	the	first	non-molten	cell.	Under	"IETA"	is	
the	node	number	of	the	last	solid,	i.e.,	un-cracked,	cell.	Therefore,	IZ	to	IETA	defines	the	
extent	of	the	solid	annular	fuel	region.	

Figure	8.6-3	

Fuel/cladding	 summary	 information	 is	 presented.	 The	 titles	 are	 self	 explanatory	
except	 for	 the	 third	 one	 in	 the	 bottom	 section.	 This	 column	 shows	 the	 ratio	 of	 the	
calculated	gap	conductance	to	that	used	for	the	next	time	step	thermal	calculation.	Since	
there	 is	 no	 iteration	 between	 the	 DEFORM-4	 mechanics	 calculation	 and	 the	 SAS4A	
thermal	calculation,	a	scheme	has	been	employed	to	avoid	gross	oscillations	in	the	gap	
conductance	 and	 temperatures.	 This	 is	 to	 use	 the	 average	 of	 the	 calculated	 and	
previously	 used	 gap	 conductance	 for	 the	 next	 time	 step.	 In	 order	 to	 determine	 how	
close	the	values	are	to	those	calculated,	this	ratio	is	printed.	

Figure	8.6-4	

The	 radial	 stress	 at	 each	 fuel	 and	 cladding	 node.	 Also	 printed	 is	 the	 fuel-cladding	
gap,	GAP,	the	fuel-cladding	interface	pressure,	PFCI,	and	the	coolant	pressure,	PEXT.	All	
stresses	and	pressures	are	in	Pascal	and	the	gap	is	in	meters.	

Figure	8.6-5	

The	circumferential	stress	at	each	fuel	and	clad	node	boundary,	in	pascals.	

Figure	8.6-6	

The	axial	stress	at	each	fuel	and	clad	node	boundary	in	pascals.	
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Figure	8.6-7	

The	fission-gas	retention	fraction	in	each	fuel	cell.	The	column	titled	'FG	RET	(KG)'	is	
the	retained	fission-gas	total	in	kg,	'FG	PRD	(KG)'	is	the	total	kg	of	fission	gas	produced,	
'M-FG/M-FUEL'	is	the	kg	of	fission	gas	retained	divided	by	the	mass	of	fuel,	'FRAC	RELS'	
is	the	fractional	release,	and	'NUET/M2'	is	the	fluence,	for	each	axial	segment.	

Figure	8.6-8	

The	 total	 porosity	 fraction	 in	 the	 fuel	 cells,	 i.e.,	 retained	 fission-gas	 porosity	 plus	
remaining	as-fabricated	porosity.	

Figure	8.6-9	

The	fission-gas-induced	porosity	in	each	fuel	cell.	

Figure	8.6-10	

The	grain	size	in	each	fuel	cell,	in	meters.	

Figure	8.6-11	

The	crack	volume	fraction	in	each	fuel	cell.	

Figure	8.6-12	

Mesh	points	in	the	fuel	and	the	inner	and	outer	clad	dimensions.	Also	shown	are	the	
boundaries	between	the	unrestructured	and	equiaxed	region,	IUNEQA,	and	between	the	
equiaxed	and	columnar	regions,	IEQCOL.	

Figure	8.6-13	

Short	 summary	output	 from	DEFORM-4	 showing	 the	values	 calculated	 for	various	
failure	parameters.	The	hoop	stress	values	are	a	simple	average	based	on	the	inner	and	
outer	pressures	and	thickness	of	the	clad.	

If	a	failure	criterion	has	a	value	greater	than	1.0,	then	that	criterion	predicts	failure.	
Currently,	only	 the	MFAIL	parameters	are	used	 to	automatically	 initiate	 failure	of	 the	
pin.	

The	amount	of	output	can	be	controlled	through	the	use	of	NSKIP	and	IPRD	in	block	
51	of	the	input.	In	the	transient	state	the	output	from	DEFORM-4	is	printed	at	the	end	of	
a	heat-transfer	time	step,	as	controlled	by	IPO	and	IPOBOI.		 	
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8.7 Material	Properties	
All	 material	 property	 data	 are	 cast	 as	 functions	 or	 subroutines	 to	 allow	 for	

modularization	and	the	ease	of	making	changes.	This	also	allows	for	the	incorporation	
of	different	materials	data	in	a	straightforward	manner.	In	a	number	of	the	correlations	
used,	the	units	are	inconsistent	with	the	SI	unit	system	adopted	by	SAS4A.	The	routines	
that	use	these	correlations	carry	out	appropriate	units	conversions	internally.	

8.7.1 Fuel	Density	
The	solid	fuel	density	is	assumed	to	have	the	functional	form	

( ) ( )221 2732731 -+-+
=

TCTC
o

f
rr

	
(8.7-1)	

where		
ρo	 =	 The	theoretical	density	at	273	K,	kg/m3	

C1,C2	 =	 Input	coefficients	

T	 =	 Temperature,	K	

This	applies	between	273	K	and	the	solidus	temperature.	
The	liquid	fuel	density	is	given	by	

( )2731 3 -+
=

TC
orr!

	
(8.7-2)	

where	
C3	 =	 Input	coefficient	

This	applies	to	temperatures	above	the	liquidus.	For	the	range	between	the	solidus	and	
liquidus	temperatures,	a	linear	interpolation	is	performed.	

These	equations	are	found	in	the	function	RHOF.	Suggested	values	of	coefficients	are	
from	the	Nuclear	Systems	Materials	Handbook	[8-17].	

ρo	 =	 COEFDS(1)	=	11.05x103	kg/m3	(mixed	oxide)	

C1	 =	 COEFDS(2)	=	2.04x10-5	K-1	

C2	 =	 COEFDS(3)	=	8.70x10-9	K-2	

C3	 =	 COEFDL(2)	=	9.30x10-5	K-1	
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8.7.2 Fuel	Thermal	Expansion	Coefficient	
The	thermal	expansion	coefficient	of	the	fuel	is	derived	from	the	coefficients	of	the	

fuel	density	function.	This	assures	consistency	between	the	thermal	expansion	and	the	
density.	

The	specific	volume	(inverse	of	density)	at	two	temperatures	is	given	by		

( ) ( )
o

TCTCv
r

2
1211

1
2732731 -+-+

=
	

(8.7-3)	

( ) ( )
o

TCTCv
r

2
2221

2
2732731 -+-+

=
	

(8.7-4)	

The	change	in	volume	is	therefore	given	by	

( )[ ]{ ( )

( )[ ] ( )}273273

2732731

1121

2221121

--+-

--+=-=D

TTCC

TTCCvvv
or

	

(8.7-5)	

Equation	8.7-5	can	be	rewritten	in	terms	of	the	bulk	thermal	expansion	coefficient,	β.	

Δv= 1
ρo

β T2( ) T2 −Tr( )−β T1( ) T2 −Tr( ){ }
	

(8.7-6)	

where	
β(T)	 =	 C1	+	C2T	

T	 =	 Temperature,	K	

C1,C2	 =	 Density	function	coefficients	

Tr	 =	 Reference	temperature,	K	

Since	the	linear	expansion	coefficient	is	assumed	to	be	a	third	of	the	bulk	expansion	
coefficient,	the	linear	expansion	coefficient	can	be	defined	from	the	density	coefficients	
as	

α T( )+ !C1+ !C2 T 	 (8.7-7)	

where	
α	 =	 Linear	thermal	expansion	coefficient	
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C¢1	 =	 C1/3	

C¢2	 =	 C2/3	

T	 =	 Temperature,	K	

This	is	found	in	the	function	ALPHF.	

8.7.3 Fuel	Modulus	of	Elasticity	
The	modulus	of	elasticity,	Young's	Modulus,	 is	determined	 from	 the	bulk	modulus	

by	

E=3 1−2v( )K 	 (8.7-8)	

where	
E	 =	 Modulus	of	elasticity,	Pa	

K	 =	 Bulk	modulus,	Pa	

v	 =	 Poisson's	ratio	

The	bulk	modulus	is	from	the	NSMH	[8-17]	and	is	given	by	

K =1.38x1011 1−0.5 T / 2760( )2"
#

$
% 1−2P( )

	 (8.7-9)	

where	
K	 =	 Bulk	moduus,	Pa	

T	 =	 Temperature,	°C	

P	 =	 1	-	ρTD	=	Porosity	fraction	

ρTD	 =	 Fraction	of	theoretical	density	

Based	on	the	evaluation	in	MATPRO-l0	[8-11],	if	this	calculated	modulus	of	elasticity	
becomes	less	than	7.9	x	108,	it	is	fixed	at	this	value.	

These	equations	are	solved	in	the	function	EFUELF.	

8.7.4 Mixed	Oxide	Fuel	Thermal	Conductivity	
Four	different	options	exist	 for	 the	 fuel	 thermal	conductivity.	These	are	controlled	

through	the	input	parameter	IRHOK.	

IRHOK	=	 0	



	 DEFORM-4:	Steady-State	and	Transient	Pre-Failure	Pin	Behavior	

ANL/NE-16/19	 	 8-139	

The	thermal	conductivity	as	a	function	of	temperature	is	input	in	table	form	through	
the	variable	arrays	XKTAB	and	XKTEM.	

IRHOK		 =	 1	

For	this	option,	the	conductivity	equations	[8-3]	are	given	by	

k1 T( )=1.1+ 1x102

T .4848−.4465 fD( )
for800°C≤ T ≤ 2000°C

	
(8.7-10)	

k1 T( )=k1 800( ) 168.844
12.044+ 0.196( )T

forT < 800°C
	

(8.7-11)	

k3 T( )=k1 2000( ) forT >2000°C 	 (8.7-12)	

where	
k1,k2,k3	 =	 Fuel	thermal	conductivity,	W/m-K	

T	 =	 Temperature,	°C	

fD	 =	 Fuel	fraction	of	theoretical	density	

IRHOK	=	2	

This	form	of	the	conductivity	[8-22]	is	given	by	

( ) ( )[ ] ( )
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(8.7-13)	

( ) ( ) ( ) 95.0113 3
7

65
2 >ú

û

ù
ê
ë

é
+

+
-= DD fforTC

TCC
fTk

	
(8.7-14)	

where	
C1,C2,C3,C4,C5,C6,C7	 =	 Input	variables	

kl,k2	 =	 Fuel	conductivity	W/m-K	

T	 =	 Temperature,	K	
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If	T	is	greater	than	the	melting	temperature,	it	is	set	to	the	melting	temperature.	

Suggested	values:	

C1	 =	 COEFK(1)	=	2.1	

C2	 =	 COEFK(2)	=	2.88x10-3	

C3	 =	 COEFK(3)	=	2.52x10-5	

C4	 =	 COEFK(4)	=	5.83x10-10	

C5	 =	 COEFK(5)	=	5.75x10-2	

C6	 =	 COEFK(6)	=	5.03x10-4	

C7	 =	 COEFK(7)	=	2.91x10-11	

IRHOK	=	3	

This	conductivity	form	is	[8-32]	

k1 T( )= 4.005x103

T − 273( )+402.4
+0.6416x10−10 T 3

	
(8.7-15)	

where	
T	 =	 Temperature,	K	

k	 =	 Conductivity	in	W/m-K	

This	is	the	correlation	for	UO2	and	is	converted	to	mixed	oxide	by	subtracting	0.2.	

( ) ( ) 2.012 -= TkTk 	 (8.7-16)	

The	porosity	correction	term	was	derived	for	use	in	the	COMETHE-IIIJ	[8-33]	code	
and	is	given	by	

432 1581.402.3029.11 eeee +---=pf 	 (8.7-17)	

where	
fp	 =	 Porosity	multiplier	

ε	 =	 	1	-	ρf	=	Fractional	porosity	
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ρf	 =	 Fractional	fuel	density	=	actual	density/theoretical	density	

The	conductivity	is	therefore	given	by	

( ) ( ).2 TkxfTk p= 	 (8.7-18)	

Two	different	routines	contain	the	above	correlations,	FK	and	KFUEL.	The	function	
FK	returns	a	single	value	of	the	conductivity	for	a	single	 invocation	and	is	used	in	the	
pre-transient.	 The	 subroutine	 KFUEL	 returns	 the	 conductivity	 values	 for	 each	 radial	
node	in	the	current	axial	segment.	It	is	used	in	the	transient	calculational	procedure.	

8.7.5 Mixed	Oxide	Fuel	Fracture	Strength	
The	 fracture	 strength	 for	 mixed-oxide	 fuel	 is	 from	 the	 NSMH	 [8-17]	 and	 is	 for	

unirradiated	fuel.	

Txxf
47 109.51074.2 +=s 	 (8.7-19)	

This	is	coded	in	the	function	SIGFRA.	

8.7.6 Mixed	Oxide	Fuel	Creep	Rate	
The	fuel	creep	rate	function	is	from	the	NSMH	[8-17]	and	is	used	in	the	subroutine	

FSWELL.	 It	 represents	 diffusional	 flow,	 dislocation	 creep,	 fission-enhanced	 thermal	
creep,	and	fission-induced	creep.	
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(8.7-20)	

where	

totale! 	 =	 Creep	rate,	s-1	

A	 =	 8.97222x105	

d	 =	 Grain	size,	µm	

TD	 =	 Fuel	percent	of	theoretical	density	

σ	 =	 Stress,	MPa	

Q1	 =	 3.87173x105	
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R	 =	 Gas	constant	=	8.3169	J/mole-K	

T	 =	 Temperature,	K		

β	 =	 9.0x102	

Q2	 =	 5.72598x105	

C	 =	 7.8889x10-21	

F	 =	 Fission	rate,	fissions/cm3-s	

Q3	 =	 5.7343x104	

D	 =	 1.5x10-24	

This	 is	 used	 to	 calculate	 the	 fuel	 creep	 for	 fission-gas	 bubble	 expansion	 or	
contraction	in	the	routine	FSWELL.	

8.7.7 Cladding	Thermal	Expansion	Coefficient	
The	mean	 thermal	expansion	coefficient	of	 the	 cladding	 is	 taken	 from	 the	Nuclear	

Systems	Materials	Handbook	[8-17].	It	has	the	form	

	

αm =C1 C2( ) C3( )T

	 (8.7-21)	

where	

αm	 =	 Mean	thermal	expansion	coefficient,	°F-1	

C1,	C2,	C3	 =	 Calibration	constants	

T	 =	 Temperature,	°F	

The	values	for	the	calibration	are	given	below:	
C1	 =	 11.397	

C2	 =	 0.71828	

C3	 =	 0.99890	

This	is	calculated	in	the	function	ALPHC.	

8.7.8 Cladding	Modulus	of	Elasticity	
The	cladding	modulus	of	elasticity	is	taken	from	the	NSHM	[8-17]	and	is	given	by	
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(8.7-22)	

where	
E	 =	 Modulus	of	elasticity,	Mpsi	

T	 =	 Temperature,	°F	

This	is	then	converted	to	Pa	by	multiplying	by	6.894757x109.	This	correlation	is	coded	
in	the	function	ECLADF.	

8.7.9 Cladding	Ultimate	Tensile	Strength	
The	 ultimate	 tensile	 strength	 of	 unirradiated,	 20%	 cold-worked,	 316	 SS	 is	 taken	

from	the	NSMH	[8-17].	

7
7

6
6

5
5

4
4

3
3

2
210 TCTCTCTCTCTCTCCu +++++++=s 	 (8.7-23)	

where	
σu	 =	 Ultimate	tensile	strength,	ksi	

T	 =	 Temperature,	F	

C0	 =	 1.220241x102	

C1	 =	 -1.015998x10-1	

C2	 =	 8.336636x10-4	

C3	 =	 -3.365737x10-6	

C4	 =	 6.227377x10-9	

C5	 =	 -5.736229x10-12	

C6	 =	 2.542064x10-15	

C7	 =	 -4.321098x10-19	

This	is	then	converted	to	SI	units	by	multiplying	by	6.894757x106.	
This	 correlation	 is	 good	 for	 temperatures	 below	 1200	 K	 only.	 For	 temperatures	

above	1200	K,	 the	curve	is	assumed	to	go	to	zero	at	the	cladding	solidus	according	to	
the	following	equation.	
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(8.7-24)	

where	
σu	(1200	K)	 =	 1.122x108	Pa	

T	 =	 Temperature,	K	

Tmc	 =	 Cladding	solidus	temperature,	K	

Care	 should	be	 exercised	when	using	 the	 function	UTS	 since	 it	 is	 for	unirradiated	
cladding	and	may	be	inconsistent	with	the	option	used	for	the	cladding	flow	stress.	

8.7.10 Cladding	Flow	Stress	
There	 exist	 four	 different	 options	 available	 to	 control	 the	 cladding	 flow	 stress	

calculation	 in	 the	 function	 YLDCF.	 These	 are	 controlled	 through	 the	 input	 parameter	
IYLD.	

IYLD	=	0	

The	 value	 is	 calculated	 from	 the	 correlation	 in	 the	NSMH	 [8-17]	 for	 unirradiated,	
20%	cold-worked,	316	SS.	For	temperatures	below	1200	K	the	following	form	is	used.	It	
should	be	noted	that	this	correlation	is	 for	the	strain	rate	of	the	tensile	tests	and	may	
not	be	appropriate	in	many	accident	cases	with	high	strain	rates.	
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(8.7-25)	

where	
σy	 =	 Clad	flow	stress,	ksi	

T	 =	 Temperature,	°F	

C0	 =	 9.611825x101	

C1	 =	 -1.262505x10-1	

C2	 =	 1.510991x10-3	

C3	 =	 	-1.021806x10-5	

C4	 =	 3.796623x10-8	
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C5	 =	 -8.438888x10-11	

C6	 =	 1.163911x10-13	

C7	 =	 -9.993892x10-17	

C8	 =	 5.177194x10-20	

C9	 =	 -1.477323x10-23	

C10	 =	 1.780710x10-27	

The	value	is	then	converted	to	Pa	by	multiplying	by	6.894757x106.	
For	temperatures	above	1200	K,	a	form	like	Eq.	8.7-24	is	used	for	the	extrapolation	

to	the	melting	temperature.	

σ y = σ y 1200( ) 1− T −1200
Tmc −1200
"

#
$

%

&
'

2(
)
*

+*

,
-
*

.* 	
(8.7-26)	

where	
σy(1200)	=	 7.375x107	Pa	

T	 =	 Temperature,	K	

Tmc	 =	 Clad	solidus	temperature,	K	

IYLD	=	1,2	

For	 these	 values	 of	 IYLD,	 a	 flow	 stress	 model	 developed	 by	 DiMelfi	 and	 Kramer	
[8-34]	 is	 used.	 If	 IYLD	 =	 1,	 the	model	 is	 temperature,	 strain,	 strain	 rate,	 and	 burnup	
dependent.	 If	 IYLD	=	2,	 a	high	 strain	 rate	 approximation	 is	used,	 removing	 the	 strain	
rate	dependence.	

The	flow	stress,	σ,	is	defined	by	

σ =σ s − σ s −σ1( )exp −ε̂ /εc( ) 	 (8.7-27)	

where	
σ1	 =	 Yield	stress	of	fully	annealed,	unirradiated	material	

σS	 =	 Saturation	flow	stress	approached	as	increases	

ê 	 =	 Hardness	parameter	
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εc	 =	 Material	parameter	

he	hardness	parameter	 ê has	 two	components;	εp,	 the	accumulated	equivalent	plastic	

strain,	and	 fê 	the	hardness	due	to	irradiation,	which	is	determined	from	

ε̂ϕ =−εc ln 1− 1− exp −B ϕ t −ϕoto( )"# $%{ }
1/2( ) 	 (8.7-28)	

where	
B	 =	 3.5x10-27,	m2/n	

oo tf 	 =	 4.5x1025,	n/m2	

tf 	 =	 Neutron	fluence,	n/m2	

and	

cwp eeee f ++= ˆ! 	 (8.7-29)	

where	
εcw	 =	 As-fabricated	cold-work	strain	

The	relationship	between	σs,	σ1,	and	εc	is	given	by	

GGG c

s 11 1 q
e

ss
=úû

ù
êë
é -

	
(8.7-30)	

where	
θ1/G	 =	 3.66x10-2	

G	 =	 92.0	-	4.02x10-2T,	GPa	

This	relationship	is	equivalent	to	assuming	that	the	initial	work-hardening	rate	θ1,	 for	
annealed	material	( ê =	0)	is	constant.	

The	functions	σs	and	σ1	are	chosen	to	be	of	the	form	

σ s

G
=
σ SO

G
1− exp − εp / εOS( )

nk"
#$

%
&'{ }

1/k

	
(8.7-31)	
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σ1
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1− exp − εp / ε01( )
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(8.7-32)	

where	

pê 	 =	 Equivalent	plastic	strain	rate	

n	 =	 Constant	=	1/5.35	

k	 =	 Constant	=	2.0	

The	 functions	 σSO,	 σ10,	 OSe!
,	 01e! 	 are	 all	 temperature	 dependent.	 The	 constant	 k	 is	 a	

nonphysical	 parameter	 that	 governs	 the	 sharpness	 of	 the	 transition	 between	
strain-rate-dependent	and	strain-rate-independent	behavior.	

If	IYLD	=	2,	then	the	above	relationships	for	σs	and	σ1	are	assumed	to	have	the	form	

GG
SOs ss

=
	

(8.7-33)	

and	

GG
101 ss

=
	

(8.7-34)	

In	both	cases,	IYLD	=	1	or	IYLD	=	2,	the	following	functions	are	used	

T
xx

G
SO

1
3 1012.71006.2

-
- +=

s
	

(8.7-35)	

Txx
G

6210 1012.91000.2 -- -=
s

	
(8.7-36)	

The	 functions	 OSê 	 and	 01ê 	 are	 strong	 functions	of	 temperature	and	are	 related	 to	 the	
dominant	 creep	mechanism.	 This	 is	 assumed	 to	 be	 thermally	 activated,	 so	 Arrhenius	
relationships	are	used.	

( )RTQOOSOS /exp -=ee !! 	 (8.7-37)	

( )RTQ /exp00101 -=ee !! 	 (8.7-38)	

where	
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Q/R	 =	 38,533,	K	

OOSe! 	=	 1.062x1014,	s-1	

001e! 	 =	 3.794x1012,	s-1	

Given	 the	 above	 constants	 and	 relationships,	 it	 is	 then	 possible	 to	 calculate	 the	 flow	
stress	of	the	cladding.	

IYLD	=	3	

With	 this	 selection,	 the	 input	 flow	 stress	 table	 YLDTAB	 with	 its	 corresponding	
temperature	 table	 YLDTEM	 are	 searched	 to	 find	 the	 flow	 stress	 as	 a	 function	 of	
temperature.	One	table	exists	for	each	cladding	type.	

8.7.11 Thermal	Conductivity	of	Helium	
The	 thermal	conductivity	of	 the	helium	 in	 the	 fuel	pin	 free	volume	 is	 temperature	

dependent	and	has	been	fit	to	the	following	equation	[8-35].	

( ) ( )2841 2731024.22731017.31043.1 ---+= --- TxTxxK 	 (8.7-39)	

where	
K	 =	 Thermal	conductivity,	W	m-1	K-1	

T	 =	 Gas	temperature,	K	

This	is	used	in	the	function	routine	HGAP.	

8.7.12 Thermal	Conductivity	of	Fission	Gas	
All	fission	gas	is	assumed	to	be	xenon.	A	functional	form	of	the	xenon	conductivity	

[8-35]	is	used	in	the	function	routine	HGAP.	

( ) ( )2953 2731050.32731069.11015.5 ---+= --- TxTxxK 	 (8.7-40)	

where	
K	 =	 Thermal	conductivity,	Wm-1	K-1	

T	 =	 Gas	temperature,	K	

8.7.13 Fuel	Hardness	
In	 DEFORM-4	 it	 is	 assumed	 that	 conditions	 could	 arise	 where	 either	 the	 fuel	 or	

cladding	 could	 be	 the	 softer	 material	 when	 considering	 fuel-cladding	 contact	 in	 the	
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determination	 of	 the	 gap	 conductance.	 The	 following	 equation	 is	 therefore	 used	 to	
determine	the	oxide	fuel	hardness	[8-31].	

( )641/exp10009.6 9 TxH -= 	 (8.7-41)	

where	
H	 =	 Meyer	hardness,	Pa	

T	 =	 Temperature,	K	

8.7.14 Cladding	Hardness	
The	 cladding	 hardness	 is	 calculated	 from	 the	 following	 equation	 [8-21]	 when	

comparing	 with	 the	 fuel	 hardness.	 The	 softer	 of	 the	 fuel	 or	 cladding	 is	 used	 in	 the	
solid-to-solid	gap	conductance	considerations.	

KTTxH 92.893,10961.5 206.09 <= 	 (8.7-42)	

KTTxH 92.893,1075.2 53.622 >= 	 (8.7-43)	

where	
H	 =	 Meyer	hardness,	Pa	

T	 =	 Temperature,	K	

8.7.15 Cladding	Fast	Creep	
Kramer	 and	DiMelfi	 [8-34]	 have	 shown	 that	 the	 following	 equation	 is	 suitable	 for	

plastic	strain	of	cladding	at	high	temperatures.	

( )TQc
n

n
SO

OOS /exp -= s
s
ee
!

!
	 (8.7-44)	

where	

e! 	 =	 Plastic	strain	rate,	s-1	

σ	 =	 Equivalent	stress	in	the	cladding,	Pa	

T	 =	 Temperature,	K	

OOSe! 	 =	 1.062	x	1014,	s-1	
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σso	 =	 Material	constant	defined	in	Eq.	8.7-35	

n	 =	 Stress	exponent	=	5.35	

Qc	 =	 Creep	activation	constant	=	38,533	K	

This	allows	for	plastic	deformation	of	the	cladding	below	the	flow	stress.	

8.7.16 Material	Properties	of	Metal	Alloy	Fuel	
Material	 properties	 for	 the	 metal	 fuels	 under	 consideration	 for	 the	 Integral	 Fast	

Reactor	 concept	 are	 currently	 under	 investigation	 in	 order	 to	 prepare	 a	 set	 of	
recommended	values	for	use	by	the	safety	community.	Unlike	the	oxide	fuel	which	has	
been	under	study	for	a	number	of	years,	the	metal	fuel	data	is	fairly	sparse	and	limited	
to	 specific	 fuel	 types.	 Therefore,	 the	 correlations	 given	 below	 are	 to	 be	 considered	
preliminary	 in	nature,	but	 they	should	provide	results	 that	are	consistent	with	 future	
results.	 These	 have	 been	 coded	 into	 DEFORM	 in	 a	 manner	 that	 makes	 future	
modifications	a	simple	replacement	task.	

Several	 thermal	 properties	 are	 also	 used	 by	 DEFORM	 and	 these	 have	 been	
addressed	 in	 Chapter	 10	 of	 this	 document.	 Most	 of	 the	 properties	 given	 below	 are	
obtained	 from	 a	 survey	 of	 data	 carried	 out	 for	 the	modification	 of	 the	 FPIN	 code	 to	
analyze	metal	fuels	[8-36].	

8.7.16.1 Modulus	of	Elasticity	
Although	the	modulus	of	elasticity	varies	with	temperature,	composition,	and	phase,	

a	single	average	value	has	been	used.	

12104.1 xE f = 	 (8.7-45)	

where	
Ef		 =	 Modulus	of	elasticity,	Pa	

8.7.16.2 Poisson’s	Ratio	
Poisson's	ratio	 is	an	 input	parameter	 to	 the	SAS4A	code.	For	both	 the	 ternary	and	

fission	alloy	fuels	the	currently	recommended	value	is	0.23.	

8.7.16.3 Fracture	Strength	
Unlike	the	oxide	fuels,	the	metal	fuel	does	not	exhibit	a	fracture	phenomenon.	While	

there	does	appear	to	be	a	separation	between	the	phases	that	result	in	the	ternary	fuels,	
there	 is	 no	 radial	 cracking.	 This	 appears	 to	 be	 the	 result	 of	 the	 softness	 of	 the	metal	
matrix	and	the	inherent	structural	differences	that	exist	between	ceramics	and	metals.	
When	metal	 fuel	has	been	specified,	 the	 function	SIGFRA	returns	a	 large	value	 for	 the	
fracture	strength	to	avoid	cracking	during	the	mechanical	calculations.	
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8.7.16.4 Fuel	Creep	Rate	
One	of	the	more	important	correlations	used	by	DEFORM	is	the	creep	rate	of	the	fuel	

because	of	 its	 influence	on	 the	rate	of	 fuel	swelling	 through	the	process	of	 fission	gas	
bubble	 volume	 change.	 For	 the	 metal	 fuels	 the	 creep	 rate,	 determined	 in	 a	 study	
performed	 by	 John	 Kramer	 [8-37],	 has	 been	 employed	 for	 both	 types	 of	 metal	 fuel	
currently	considered	in	DEFORM.	

For	 uranium	 phases	 existing	 below	 973	 K,	 the	 rate	 is	 dependent	 on	 two	 stress	
related	terms.	

Rc = 0.5x104σ +6.0σ 4.5( )exp −26168 /T( ) 	 (8.7-46)	

where	
Rc	 =	 Fuel	creep	rate,	s-1	

Σ	 =	 Stress,	MPa	

T	 =	 Temperature,	K	

For	the	high	temperature	gamma	uranium	phase,	the	rate	is	give	by	a	single	stress	
dependent	function.	

( )TxRc /14353exp100.8 32 -= - s 	 (8.7-47)	

The	time	constant	for	bubble	expansion	is	the	 inverse	of	the	calculated	creep	rate.	
These	functions	are	coded	into	the	subroutine	FSWELL.	
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