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' LIGHT WATER-REACTOR SAFETY
; RESEARCH PROGRAM:
'

QUARTERLY PROGRESS REPORT
:

October-December 1979

! EXECUTIVE SUMMARY

The objective of the study of transient critical heat flux (CHF) is to
give a best-estimate recommendation of CHF during reactor transients and

hypothetical accidents. To accomplish this. task, we have developed a pre-
dictional method. Basically, this method involves the thermal-hydraulic

i calculation of the heated core with boundary conditions supplied from exper-

! imental measurements. Thermal-hydraulic calculations during LOCA were
j examined using both flow-driven and pressure-driven versions of the code.
i Some encouraging results were obtained for the flow driven calculations,

{ as demonstrated by the good agreement with in-core measurements. The
| pressure-driven calculations, on the other hand, showed less satisfactory
j agreement with measurements; therefore this version was not recommended

i for subsequent CHF predictions in this study. CHF predictions were based
j on instantaneous " local-conditions" hypotheses, and eight correlations (con-

sisting of round-tube, rod-bundle, and transient correlations) were tested
| against most recent blowdown heat-transfer test data obtained in major
i U. S. facilities.
i
.

Both CISE and Biasi correlations were found to be capable of predict-
ing the early CHF of ~1 s. The Griffith-Zuber correlation is credited for
its prediction of the delay CHF, which occurs in a more tranquil state with
slowly decaying mass velocity. In many instances, the early CHF can be
well correlated by the x = 1.0 criterion; this is certainly indicative of an

annular-flow dryout-type crisis. The delay CHF was found to occur at near
or above 80% void fraction, and the success of the modified Zuber pool-boiling
correlation suggests that this CHF is caused by flooding and pool-boiling-type

I hydrodynamic crisis.

- Models for the random diffusion of gas bubbles from the grains to the
grain faces, and from the grain face's to the grain edges, were developed and
included in the GRASS-SST analysis. Calculations made for TMI-2 accident--

type (isothermal, low linear power) conditions show that the random diffusion<

of gas bubbles from the _ grains to the grain boundaries is a key factor influ-
; encing gas release under these conditions.

;

| GRASS-SST analyses we're performed for a calculated TMI-2 accident
"

temperature scenario. The calculations were made for the fuel that reached

the highest temperatures. Results indicate that ~42% of the generated gas
- has migrated out of the fuel grains to the grain faces and edges and is avail-4

able to be released in the advent of extensive fuel fracturing. If no fuel
,

'V
4

t
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fracturing occurs, GRASS-SST predicts that this released intragranular gas
remains trapped on the grain faces and grain edges.

Parametric analyses performed with GRASS-SST for various TMI-2
type fuel temperature and heating-rate scenarios show that most intragranu-
lar gas release occurs during the ramp, compared to a minor increase pre-
dicted to occur during a subsequent 5-h, high-temperature period. For given
initial and final fuel temper tures, the analyses indicate that there is an cp-
timum value of the heating rate for which the intragranular gas release will

|
' be a maximum.

Based on these analyses, if a substantial release of fission gas re-
i sulted as a consequence of the first 3 h of the accident at TMI-2, the follow-

ing observations can be made:

The gas-bubble mobilities during some portion of the first 3 h must
have been significantly higher (many orders of magnitude) than the diffusivities
based on measurements made during similar isothermal conditions. Whethe r
these mobilities resulted from a rapid heatup of the ael, or from changes in

' stoichiometry, or both, or from some other unknown phenomenon is open to
speculation at this time. In addition, extensive fuel f racturing must have oc-
curred, enabling the gas that had reached the grain boundaries to vent to the
exterior of the fuel.

I

|

|

!

i
t

|
;

,
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1. HEAT TRANSFER COORDINATION FOR
LOCA RESEARCH PROGRAMS

Responsible Section Managers:
H. K. Fauske, R. E. Henry, and P. A. Lotte s, R AS

A. Transient Critical Heat Flux (J. C. M. Leung, RAS)

1. More on Thermal-Hydraulic Calculations during Blowdown

A simple one-dimensional transient coolant-dynamic-analysis
program, CODA, has been used to analyze the thermal-hydraulic behavior of
an active core during LOCA conditions.' Some encouraging results were re-
ported in Ref. 2, and more recent analyses are presented below.

a. Flow-driven Calculations

In general, the following boundary conditions are specified
as input to the flow-driven version of CODA:

(1) System pressure

(2) Mass flow rate at either inlet or outlet
(3) Heat flux into coolant
(4) Fluid enthalpy at inflow boundary.

Conditions 1, 2, and 4 are usually referred to as the hydraulic boundaries;
condition 3 is known as the thermal boundary. The first three conditions are
inputted into CODA as time data /value pairs. At present the fourth boundary
condition is specified within the code itself by simply treating the inflow en-
thalpy (at either inlet or outlet) to have the same value as the initial value;
e.g., for a flow-reversal situation at the outlet of the core, the inflow enthalpy
is taken to be at the initial outflow value. This treatment is adequate in most
instances, but the code could be easily adapted to handle a speci0ed inflow-
enthalpy situation. Blowdown experiments conducted in two ~ J. S.1.ailities

3were analyzed here, namely , the Semiscale Mod-3 facility ano se THTF
facility.4

In the Semiscale Mod-3 facility, a full-length 5 x 5 PWR
bundle was accommodated with in-core measurements consisting of numerous

single-beam densitometers at various axial levels and a momentum-sensing
drag-screen device at the bottom of the reated core. In addition, a drag
screen and a turbine meter were installed in the upper plenum region just
below the hot-leg outlet nozzle as shown in Fig. I.l. For Test S-07-3,5 the
lower drag-screen mass flow has to be adjusted in a manner as described in
Ref. 2 so as to yield identical mass flow rate as sensed by the turbine meters
in the downcomer and upper-plenum locations auring steady-state conditions.



2

E lev Atlan kml
444 1 -.

4 32 -
,

,

,s. & *

~ - tk%
I. d

'

356-

'i
330 -

b',.

m,g/-
I, )

t. .+.

h 3
I

is2 -

140 - -.i, g
;

1 22 = 4

-

. ,

902 ;- ..

St'- ,g '" "O' ''938 - Down<omer -

73 _ enlet *nulos & y7, q[
~+Cold IN

(f "'
.niei nouies- ,y,,

- d C",''"'b'"'
_

ys - I )! NV-9
*

.

' '.il upper drag
sc cen

.$ t - e - 1

i44 3

r '

-|e 3 .i A
''

* -

n n . ,, o,,,,,,
N102 -

,,,, I d ..w
134 - 'j f)

el '14
*) L'. ,

(1 e .' h140 -

F0 424 i

/ ( z;-
. . . ~ o > w ,.< o ,n...

.1: '3
. ,

~ -

insi,ornent spool

N . '; 0 4, , . . < , .

y,. Heated Core
. . . . , _ ' fi!*

{ kb t
. . . . - a-

1,h oNv 4 n
lo wet N 4 '

sus --

'g, :-.ss - a, ,,

4,
.

| |w -

4
. }

' towe,pr,a>m

sw - ta (/
- ,

i L
,

Uw - Of 4 1, .

4 g\i. \
w. - ,"
w - h

1..a s -

.I

Fig.1.1. Cross Section of Semiscale Mod-3 IIcater Core. ANL Neg. No. 900-80-55



- . _ . . . - _- - - . - - . - . - - _ - - - ._

j 3
,

The resulting mass-flow data as shown in Fig. I.2 exhibits
good agreement with the turbine-meter mass flow measured in the downcomer

i during the first 0.5 s into blowdown.
This result therefore justifies the cor-o _. j. i i

, _ _
rection procedure, because during

4 this period the liquid was still sub-
! 6 - - cooled in the region between the lower

, _ _
core and the downcomer, and from the

mM yqudm5, _.. oRAG sCRtEN tNv 499) NEAR s0wt _
t j
"

BP B

h0
- / ~

Ag + g(GA) = 0 (1)

= -2 -

, , , , -
2 -

i =-4 -

/
- the temporal change of density is nec-

#
_

f,,,-
_

essarily small in the liquid regime,'

implying that the mares flow rate is
-s -

'
TURBINE (FD 424) IN 009NCOMER - Conblant spatially. However, this is

,o _ _ no longer true when the two-phase
mixture arrived at the lower core; the'

, ; ; ;

Bp/Bt term took on a large negative42
0 0 20 30

TIME AFTER RUPTURE, s value, and the mass flow at the core

inlet was substantially decreased as-

[ Fig. I.2. Comparison of Mass-flow Measurements shown in Fig. I.2.
at Core Inlet and External Downcomer'

in Semiscale Test S-07-3. ANL Neg. In the subsequent CODA calcu-
No. 900-80-172. lation, the hydraulic boundary conditions

,

were the system pressure and the ad-
justed drag-screen mass flow at the core inlet. Figure I.3 compares the cal-1

culated core inlet temperature versus the data; the latter was consictently
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i

higher, particularly during the saturated blowdown phase. Hence there ap-
pears to be a systematic error in the temperature measurement. Despite the
apparent discrepancy, the data trend was well predicted during the first '

800 ms. However, the code predicted superheat onset at about 0.8 s, as com-
pared to 1.5 s observed experimentally. The predicted and calculated densities
at the core inlet are compared in Fig. I.4, where generally good agreement is
obtained.

N
i i i The calculated mass veloci-

- - ties at three levels in the heated core
800 - - are illustrated in Fig. I.5, with out-

_ _ flow from the top and bottom of the
f 600 -

1 WEASUREWENT
-

Core early in the transient, a bidirec-WCORE INLET GV-502-ABe

. . .

$
~

$
~

tional flow configuration. The upperI

core experienced a complete flow.

$400
- ~

reversal only after 0.7 s. In the cal-

Culation, this reversal brought about '-

I
c0DA FREDICTION

\ - an increase in fluid density (colder200 - i

_. \ 1 fluid) at the upper core as shown in~

| 'T Awvifm Fig. I.6, and this behavior appears, ,g
o 10 20 30 to be supported by the local density

TIME AFTER RUPTURE, s measurement.

Fig. I.4. Prediction of Core-inlet Density in Semiscale . .

Considerably improved in-T st S-07-3. ANL Neg. No. 900-80-139.
strumentation was achieved in

Test S-07-9,6 which exhibited similar core thermal behavior as in Test S-07-3.
For this test, there was good agreement between the lower drag-screen mass
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i

iflow and other turbine-meter mass flow rates during steady-state operation. ,

The calculated flow response in the upper plenum is compared with measured ;

j data in Fig.1.7, where good agreement was obtained for the early 700 ms. ;

; However, the large negative flow predicted at I s was not measured. The
'

; predicted core inlet density also exhibited good agreement with data in Fig. I.8. j
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Fig. I.7. Prediction of Upper-plenum Flow Fig. I.8. Prediction of Core-trdtt Demity
Response for Semiscale Test S-07-9. fer Semimale Test S-07-9. ANL
ANL Neg. No. 900-80-170. Neg. No. 900-80-143.

In the THTF blowdown facility, no in-core mass flow or

density measurement was provided, while two instrumente,d spool pieces were
installed immediately outside the pressure vessel; these are designated as ,

vertical-inlet (VI) and vertical-outlet (VO) spool pieces (see Fig. I.9). Each
spool piece consists of a densitometer, a bidirectional turbine flow meter, and
a drag disk. Test 177,7 currently regarded as an INEL code-verification test,
was taken for analysis. It was conducted with a 32% inlet-28% outlet break.
Two CODA calculations were performed, one driven by the VI drag-disk mass
flow and the other driven by the VO turbine mass flow.

Figure I.10 illustrates the mass-flow behavior at the VO spool
piece. The measured mass flow was positive (out of vessel) during the tran-
sient. The prediction follows the general trends of the measurement, but sig-

^

nificantly more flow was predicted between 0.5 and 1.0 s. Because of the large

volume of outlet piping and upper unheated core, the initiation of vaporization
upon depressurization in the present equilibrium calculation gave rise to a

! |

|

.- - . . .. . - - . . ...._ . .- , - - - - , --
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rapid expansion of the flui<' in the outlet piping. This was observed in thei

form of a flow spike as shown in Fig. I.10. Since this duration is rather short,
| it is not expected to alter the core thermal hydraulic-in any significant way. ,

i

Figure I.11 illustrates the mass-flow behavior at the VI spool

piece. The measured mass flow was initially positive (into the vessel), re-
versed quickly after rupture, and remained nearly steady from 1 to 3 s. The
prediction (based on CODA calculation driven by VO mass flow) was again
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following the general trends of the data, but too much flow was predicted be-
tween 0.5 and 1.5 s. No explanation is apparent yet, but the results seem to
suggest the importance of in-core mass-flow measurements in thermal-

hydraulic evaluation; such measurements were unfortunately lacking in this
. facility.

In summary, some encouraging results have been obtained for
thermal-hydraulic calculations during blowdown experiments as demonstrated
by the good agreement with in-core measurements. Some difficulties were

encountered with the drag-disk data, but a correction procedure has been sug-
gested. It is also felt necessary to provide in-core mass-flow measurements
for reliable thermal-hydraulic calculations and future verification purposes.

b. Pressure-driven Calculations

The pressure-driven version has been developed in order to
treat cases for which the pressure boundaries are measured with transducers.
In Ref.1, the present scheme was compared against the method-of-
characteristic solution for one of the problems proposed by Hancox and

8Bane rjee with good results. However, in the present study, a number of limi-
'

tations will be identified that will seriously affect the usefulness of such a
| scheme in thermal-hydraulic evaluation.

Snider' presented an analysis of Semiscale Mod-1 Test S-02-9
using the pressure-driven COBRA-IV-I version.1 A similar calculation was
performed here using CODA with boundary conditions governed by system
pressure, pressure drop across the core, inflow enthalpy, and heat flux into
coolant. The flow-area contraction between the core barrel inlet and the
heated core, plus the expansion at the top of the heated core, were included
in the model. Figure I.12 is a schematic of the core. Additional info rmation

regarding the loss coefficients (K factor) for grid spacers, flow-area change,
drag-disk target and turbine-meter rotor have to ba provided in this pressure-
driven calculation. This loss coefficient is defined by the equation

K = 2 PAP (2).
2G

Presumably, these loss coefficients can be determined by a
single-phase calibration procedure; such values were proposed by Snider.' The
reported K values associated with the drag disk and turbine . mete r were 9 0.'

and 9.5, respectively, resulting in considerable pressure loss across these
devices. For example, during steady-state flow, the p ressure drop across
these devices accounted for more than 25% of the total pressure drop. Hence,
accurate determination of these coefficients is necessary.

In the present analysis, the K values were assumed to apply
in the two-phase regime also, but this might not be true. Therefore it appears
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that useful pressure-drop data should eliminate uncertainties caused by major
flow-restriction devices. This in fact is closely approached in the Semiscale
Mod-3 core. Figure I.13 compares the predicted mass flow at the core inlet

to the measurements and Snider's re-
'2m s uit. CODA's prediction agrees welli i i i | |

with Snide r's COBR A-IV-I calculation.. _ . . .
800 Both CODA and COBRA predicted sig-

TURBINE FL0eWETER
400 -

[
- ntficantly more negative flow than the..

.g
3 ,sN:otR COBRA CALC. drag-disk measurement during the first
-

), . '
.

).f. W to the mechanical limit reached by the

0 - -

0.4 s. Snider attributed this discrepancyd ..

+ A
y.4go _

* ' ,
'

j / drag disk. However, this is not confirmed
,

g -800 -

,e oRAs-cisx - by other test data obtained in the same

h -i200--- [f j -
facility; many such data had exceeded'

CODA pjRIVEN
the apparent mechanical limit reported

' '6* -~

tv
- in Test S-02-9.

I I \/I i l i400g

~

TWE AFTER RUPTURE, s
is illustrated in Fig. I.14. Th4 CODA

calculation predicted a slightly early de-Fig. l.13. Comparison of Core-inici Mass
velocity for semiscale Test s-02-0. crease in density, whereas COBRA-IV-1

ANL Neg. No. 000-80-146 predicted a slower response. A similar
pressure-driven calculation was per-

formed for Test S-28-1. Figure 1.15 compares the predicted mass flow at core
inlet with measurements. The prediction follows the general trend of the data,

** i i i , , , , , i i i

800 - - 50
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' SE MIS C AL. E TEST S-02-9 - 45
_

$ Measured Data (GV-CORE-150H2 ) ~ "O
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CODA Predection using BE Mass
- 35

~

- 30 a

r p
- 25 g
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.
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Fig.1.14. Comparison of core-intet Density Predicted by CODA
Pressure-driven Calculation with Experimental Da:-
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S[ T T T I but significant differences are observed.

Again more negative flow was predicted

%] at about 0.3 u, -nd the prediction lagged
5 - - behind the response of the drag disk

during the reversal pe riod.
,, ,

I- I runa ht uttia
. i

EO -- ' -- In the Semiscale Mod-3 core, a

$ %% /[ DP cell (DV-501 -105) was installed to
3 [ measure the pressure drop from -5.01-
U5 -

f, F oaAcois,aan
- to -1.05-m elevation (with respect to the

:., cold-leg nozzle), i.e., extending from the
.

g i ;

!? beginning of the heated core to 0.25 m
* ~

'
- above the active core. The flow area'

.- cooA Patssunt oaivtR cac
was essentially constant, except for the
presence of 10 grid spacers and an inlet

l _1_ _ . L _- 1 drag screen. The spacers were of simi-. ,3 _

*
lar design as the Mod-1 core, and the

tm u nR au i at. ,

drag-screen target occupied about 34%
of the flow area. The DP cell data fromFig.1.15. Cornparison of Predicted inlet Mass

Velucity tising CODA Pressure- Test S-07-3 exhibited a great deal of

driver scheme with Data for Semi- ringing; consequently, a filtering proce-

scale Test S-28-1. ANL Neg. dure was performed by manually averag-
No. 900-80-163. ing the digital data every 0.085-s interval.

Two calculations were made using the "filte red" pressure-drop
data: one with the appropriate loss coefficients (K = 0.56) for the spacers as
given by Snider, and one without. The ' esults of core-inlet mass-flow predic-
tion are illustrated in Fig.1.16. The effect of the additional flow resistance are

caused by spacers is seen to be minimal. During the interval betw sen 0.3 and

6 - p i
, ; ;

4
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0.5 s, the calculation predicted significantly more negative flow than the drag-
disk measurement. As shown in Fig. I.2, the latter measurement demonstrated
close agreement with the mass-flow data taken at the external downcomer

during this period.

In summary, the following observations can be made on
pressure-driven CODA calculation:

(1) The prediction lags behind the response of drag-
disk mass flow during the initial flow-reversal

period.

(2) For Semiscale Mod-l and Mod-3 cores, larger
maximum downflow was predicted within the
first 0.5 s.

Therefore the prediction is not at all satisfactory; the calcu-

lations were ~omplicated by the presence of c:tcessive ringing in the transducer

line and uncertainty in defining the flow resistance of the drag disk, the turbine

meter, spacers, and area change. For this reason, the pressure-driven CODA
version was not used in CHF predictions in the present study.

!

>

1

/
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2. CliF Predictions s'.uring Blowdown

in this section, the CliF-prediction results for various blowdown
tests are dit issed. The Cl!F data and prediction results are presented in
the foran of plots of axial elevation versus time. The conventional critical-
heat. flux ratto (CIIFit) is printed in CODA output at various locations for

,

! cach CllF correlation. CIIFR is a measure of the margin to CIIF and is

simply defined as

" " '
CliFR = (3).

Local heat flux

IIence a CIIFR value of less than 1.0 implies that CliF has been exceeded. In
these plots, the loci of Cl!FR = 1.0 are plotted; an example is given in Fig. I.17.

The Icading edge of the CllFit 1.0 curve=

therefore represents the predicted CIIF\ car n . io

|
onset, but the trailing edge does not

necessarily imply rewet or return to,

I nucleate boiling (RNB). This is becauseCHF ONSET

other factors such as surface tempera-, ,

{ ture and surface properties also play a' cHra >io

j | major role in determining the rewet
phenomena Furtherrnore, for the case

in which the surface heat flux is esti-car.. o
mated by an inverse heat-conduction
technique, the actual onset of CIIF results
in a much reduced heat flux, which can

sometimes cause the CIIFR to go above

Since rewetis beyond the scope of theone.
present study, the trailing edge in most"'

Fig.1.17. Example of Plot of CilF Prediction, cases was left incomplete, except in those
ANL Neg. No. 900-80-140. cases for which late r CIIF was predicted.

In this quarterly report, prediction results are presented for the
following blowdown tests:

TIITF Tests 105,104,178,181, and 177.

Semiscale Tests S-02-9, S-06-6, and S-07-3.

a. ORNL TilTF Tests

Test 105(Ref. I1)was conducted with a 50% ir ~ct-60% outlet break
configuration. The initial conditions in the 7 x 7 rod-bund' heated core were

P= 15. 5 1 'Pa,

Tin = 28 5*C,
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W= 19.9 kg/s,
G = 3360 kg/m' s (in core),

and

q = 6.0 MW (2.0 s into blowdown).

The thermal-hydraulic calculation was made using the sur-
face heat flux as determined by ORING, 3 the measured system pressure, and
the measured mass flow as determined from the turbine flowmeter and
densitometer at the VI spool piece. The time to CHF, as determined from
recorded sheath thermocouples, is shown in Fig. I.18, where the average
times with one standard deviation are presented. The lower 1cvels (below 2 m)
incurred CIIF uniformly, whereas the last two levels (levels 1 and J) ex-
hibited two distinct onsets of CHF, resulting in a larger standard deviation.88
As illustrated in Fig, I.1.8, the x = 1.0 line (i.e., complete liquid evaporation)
appears to predict the early CHF data very well.

80
i | I

40 - -

- E0HL T
HE AttR LEvtt |

y NO CHF IchE
_ _

g ,L g Fig.1.18

h CllF Predictions Using x = 1.0-H e

g 20 - G WylNLET TUR8!NE WETER - Criterien for TilTF Test 105.
5 "*88 ''0" ANL Neg. No. 900-80-35.

F

AVERAGE DATA
10 -

D Hi
_

i10 STD. DEV

0 - B0HL -

g g g

0 0.5 1.0 t$ 20
ilWE TO CHF, s

Test 104 (Ref.13) was conducted with a 50% inlet-50% outlet
break configuration. The initial conditions were

P= 15. 5 MPa,

T n = 287"C,i

W = 20.0 kg/s,

G = 3340 kg/m' s (in core),

and

q = 6.0 MW (2 s into blowdown).
9
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Hence Test 104 had similar initial conditions as Test 105, but with a larger

| inlet break ' size. As a result, Test 104 experienced stronger negative flow at
the inlet spool piece, as shown in Fig. I.19. The surface-heat-flux results as

reported in Pef.12 were used as boundary
'"

1 I .I I conditions in CODA. The other supplied

* 9' ~
boundary conditions are the measured system
pressure and the inlet-spool-picco mass %w.

em - -

r- The time-to-CHF data are shown in
f N

- rntr itstiO4 _
Fig. I.20, where two distinct CHF onsets were

0

! \ observed. Middle heater levels (I, J, K,
a _o -

inrr itst i0s i
- and L) exhibited delay CHF at around 2 s,,

3
/ whereas the lower levels showed early CHF

,

| Cr0 - \ / -- behavior. However, a number of thermo-
; N' couples in these lower elevations did not

30 - - measure early CHF. The uniformity of the
heater-rod power (radially uniform) therefore

[ ,', precludes any significant three-dimensional
I<3
,, , ,,

! riac arrEn awrunt.. thermal-hydraulic behavior that could be
.

' developed. The cause of this incoherent CHF
Fig. I.19 onset is ndt presently understood." Again'

; Comparison between Mass Flows . the quality of the 1.0 criterion is shown in

for Tests 104 and 105 at VI Spool Fig. I.20 to do a remarkably good prediction

( Piece. ANLNeg.No. 900-80-134. of the early CHF behavior.

30
I I I i

j
i

| 4.0 - -

- E0HL --d

) HE ATER LEVEL
,

i i 30 - NO EARLY CHF ZONE -

**
K INLET ruR81NE METER O

CliF Predictions Using x = 1.0 $ n!I I'' " * " ' ' '
#

| Criterion for TilTF Test 104. j 2.0 - 4+4 tis) + ts) -

*ANL Neg. No. 000-80-24 (isg,

1.0 - E tid *~o-4 t8) ,

( l NO OF TC's<

0 - 80HL -

g g g g

0 0.5 to t5 20
i TIME TO CHF, s

' Blow'down in Test 178 wa' ae :ornplished by introducing a
32% inlet-28% outlet break with four qu m - d rods.'5 The initial conditions
were-

P = 15. 9 MPa, +

Tin = 277*C, !,

-i
y

t

.m , - . r -, . , -. - -~,, r - c-- - - -rr-e- _
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- W = 19.6 kg/s,
2- G = 3310 kg/m s (in core),

i and
i.

; . q = 3. 7 MW.
>

This is a relatively less severe blowdown transient as compared to Tests 105
and 104. Sheath thermocouples did not exhibit any significant cooling early in

j the transient. Therefore, as a first approximation, constant heat-flux values
| were used in the thermal-boundary input.

CODA calculation was performed using the measured pressure
history in the core and the measured flow rate at the VI spool piece. The pre-
diction results are shown in Figs. I.21 and I.22. Since only a limited number

; of thermocouple data were reported in Ref.15, a statistical average and
i standard deviation calculation could not be performed. For this reason, each
* data point in these figures represents an individual thermocouple measure-

ment. Flow was calculated to be expelled at each end of the heated core, and=

complete evaporation (x = 1.Cf resulted in overheating of the heated bundle.
1

'O 50
4 I I i I i |

|
!

j 40 - - 40 - -

- E0ML 8" * '0I
e - ECHL j

C1sEa GRIFFITM-208ER,
e ,

g50
- - 30 - ' -<

,

df
,,

| 1 y': 1
; yo

- . -

(0
- p.; -

-

, ,0. - ,,

MSU-BECHER \ k* e

f to - - to -
-

8 8 W-2

0 - 80HL3 g y ,
- 0 - 80HL % -

y ,

0 to 24 3.0 40 0 to 2.0 30
TWE TO CHF, a TWE 70 CHF, s

i Fig. I.21. CliF Predictions Using Round-tube Fig. I.22. CHF Predictions Using Rod-bundle
Correlations for TIITF Test 178. Correlations for TIITF Test 178.

'

ANL Neg. No. 900-80-125. ANL Neg. No. 900-80-124.

; Test 181 was a mild transient with a 20% inlet break,16 and
the initial conditions were

,

i P= 14.2 MPa,

-Tin = 267*C,
'

;.. W= 13.4 kg/s, -

,

,

|| '

, , , . , , . . , ,, - - - , - - - - . . , . . - , , , . . ..n
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2G = 2240 kg/m s (in core),

| and

| q= 1.7 MW.

| The core power was therefore more than three times lower than that in
! Test 105. During the transient, the system pressure dropped rapidly to about

6.9 MPa and remained at this level for some.

"
i I I time (~3 s). Again the CODA calculation was

Performed using measured core pressure,
e cw .iru0ur at.cr

40 -
o cw .irn ac.st

- mass flow rate at inlet spool piece, and
,.

- tonL cc: stasitx io constant heat flux at heater-rod boundary.

u snimin-zusca / iI'M8
_

The prediction results, as illustrated in" usu ucanta
3, _

8 d' f / Fig. I.23, indicate that Biasi and CISE cor-
cist i

1 ( relations performed far better than the rod-'

g ''
-- ' - bundle correlations. The 20% small inlet,

\ \
| '. ,,,,,, break led to a calculated fluid stagnation
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were performed: one driven by the inlet drag-disk mass flow and the other
driven by the outlet trubine-meter mass flow. In both cases, the surface

heat flux was obtained from the ORINC inversion heat-conduction calculations."

j The prediction results of CISE and GE correlations are

shown in Figs.1.24 and I.25, respectively, with good agreement with data. The
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b. INEL Semiscale Tests

Semiscale Mod-1 Test S-02-9 was a 200% double-ended cold-
18leg break conducted from the initial conditions

P= 15. 5 MPa,

Tin = 283 C,

W = 7. 3 5 kg / s ,

G= 1440 kg/m s (in core),2

and

q= 1. 56 MW.

Three were unpowered rods, and the remaining 37 rods had a peak power
density of 38.8 kW/m. CHF was detected in the lower half of the core between
0.6 and 0.7 s, with most of the rods exhibiting rewet behavior above the 0.76-m
(30-in.) elevation. The CHF predictions by various correlations are shown
in Figs. I.27-I.29. Biasi, CISE, and B&W-2 correlations are seen to predict
the data well; GE, Condie, IIsu-Beckner, and Griffith-Zuber correlations tend

to underpredict the time.

Test S-06-6," the last test in the Semiscale LOFT Counterpart
Series, was a 200% double-ended cold-leg break initiated from the following
steady-state conditions:

|
|

l
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l

P = 15.8 MPa, )
'

i

Tin = 290*C, |

W = 4.9 kg/s,i

2G= 1020 kg/m * s (in core),

and

q = 1. 0 M W.

4 This test was conducted with four central high-power rods at 39 kW/m peak
power density, 32 at 24.7 kW/m, a'nd four unpowered. In spite of this radial
peaking profile, a one-dimensional thermal-hydraulic calculation was per-

formed in an attempt to see how close a prediction could be achieved.
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Zuber Correlations for Semiscale Test S-02-9.
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This test had a further point of interest in that all thermo-
couples but three measured delayed CHF at about 4 e. The three that dem-

onstrated early CHF behavior were found in the high-power rods near the
lower one-third of the core, but they all subsequently measured rewet. During
blowdown, the flow direction was predominantly downward in the heated core.
in this test, only Griffith-Zuber, Hsu-Beclater, and Condie correlations pre-,

dicted any CHF onset at all.

The CHF data shown in Fig. I.30 reveal that the high-power
rods experienced CHF slightly earlier than the low-power ones. In the cur-
rent CODA analysis, the supplied heat flux was a weighted average of the core

D
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at each power level; hence no distinction between high- and low-power rods
could be made. The results of the prediction should be interpreted with this
limitation in mind. Two CODA calculations were made based on the following

two cases of mass-flow-rate measurement:
1

Case 1: Mass flow rate based on drag disk for t < 0.5 s and.

turbine meter for t > 0.5 s in combination with
densitometer measurement.

Case 2: Mass flow rate based on drag disk and densitometer

throughout the transient.

Figures 1.30 and I.31 illustrate the prediction of the Griffith-
3

Zuber correlation for c,ases 1 and 2, respectively. The prediction is seen to
be very conservative without imposing a masc-velocity c riterion. The refore
the curves of two constant-mass velocities were drawn in both figures, and

2the one at -200 kg/m s can be seen to closely correlate the low-power rod
data. With this criterion, the Griffith-Zuber correlation was abic to do a

remarkably good job of predicting both the extent and onset of CHF in this
test. The Hsu-Beckner correlation yielded an adequate prediction, as shown
in Fig.I.32. However, the predicted time was rather conservative. The
Condie Mod-7 correlation in Fig. I.33 yielded good agreement with the CHF
data also.
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Test S-07-3 was conducted in the Mod-3 system with a full-
5length 5 x 5 PWR bundle. The initial conditions werc

P= 15.9 MPa,

Tin = 2 8 5'C ,

W = 9. 5 kg / s ,
2Gin = 3690 kg/m s (in core),

and

q = 2. 0 5 MW.

Two corner rods were unpowered to simulate a control rod

an * an instrumented guide tube. The CODA calculation was performed using
the core-inlet drag-screen mass flow as one of the hydraulic boundary con-
ditions. The system pressure history was taken from pressure-transducer
measurement at the upper plenum. The heat flux into the coolant was estimated
as usual using the HETRAP inverse-heat-conduction code # with measured
interior temperature and power history as input. Experimentally, CHF was
first measured in the peak-heat-flux zone at about 0.6 s; the lowest level ex-

perienced overheating after quite some delay in time at about 1.5 s.

The round-tube correlations in Fig. I.34 predicted the CHF
onset in the middle and upper portions of the core well, but underpredicted the
time significantly in the bottom region. GE and B&W-2 correlations yicided
similar results, as shown in Fig. I.35, whereas Condie correlation predicted
the trend of the data well, but somewhat underpredicted the time. Both Hsu-
Beckner and Griffith-Zuber correlations predicted CHF too early, as shown
in Fig. I.36. The latter prediction could be improved slightly with a mass-flux
criterion of |G| < 130 kg/m s in the upper half of the core.2
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c. Comments on CHF Correlations
4

{ The prediction results for the blowdown experiments are sum-
marized in Table I.1. Note that all correlations received the same score for4

a

TABLE I.1. Summary of Blowdown Heat Transfer Results;
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the GE rod-bundle test because none of them predicted CHF in agreement with
test data. In general, the early CHF (t = 1 s) was best predicted by the round-
tube correlations, which are applicable over a wide range of pressures. In
particular, CISE correlation has been demonstrated to correlate some limited
steady-state rod-bundle CHF data well (Ref. 21). Biasi correlation is an
equally good candidate; Bowring correlation is the least effective of the three.

| The B&W-2 correlation was obtained with mostly low-quality (x < 0.2) or
DNB-type rod-bundle data at above 13.8 MPa. Therefore it would not be ex-'

pected-to work well under blowdown conditions that were definitely outside its
range of applicability.

On the other hand, the Condie Mod-7 correlation was obtained
with most of the available rod-bundle data (including both DNB and dryout data),
and why it performed so marginally for the blowdown data is not at all clear.
As awhole, it tends to correlate the delay CHF much better than the early

The GE low-flow correlation performed adequately for most of theones.

early CHF data, but was found incapable in the prediction of delay CHF in
Semiscale data.

The Hsu-Beckner correlation was actually derived empirically
with blowdown data, but in the present study, this correlation was found in-
adequate and, in most instances, yic1ded very conservative predictions. Almos t
the same conclusion can be drawn about the Griffith-Zuber correlation; like

the Hsu-Beckner correlation, it is strongly dependent on the bulk void fraction.
However, if a mass-velocity criterion was proposed for its application, it was
found to predict all the delay CHF very well. Based on the limited amount of
data, it is tentatively recommended for the following range of mass velocity:

2-240 < G < 100 kg/m s.

Keep in mind that this criterion is strongly affected by the reported mass flow
w magnitude is difficult to measure accuratelyand that mass velocity of this w

in these experiments.

In general, the delay CHF was found to occur in a more tranquil
state, at low and slowly decaying mass flow rate. One reason the round-tube
correlations all failed in predicting this long-term CHF is simply that it occurs
at the very low end of the applicabic range of these correlations. In many
instances, the early CHF can be well correlated by the x = 1.0 line, and this
is certainly indicative of an annular-flow dryout-type phenomena. On the other
hand, the delay CHF during blowdown occurred at well over 80% void fraction,
and the success of the modified Zuber pool-boiling correlation suggests that
CHF is caused by flooding and pool-boiling-type hydrodynamic crises.

During the recent Three Mile Island accident, tne core over-
heating occurred at about 100 min at less than 1% decay power. At such low
heat-flux conditions, the applicability of the present CHF correlations would

4
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be highly questionabic. The overheating was brought about as the two-phase
mixture level receded, uncovering the active core. Hence, in this situation,

the hydrodynamic of the boil-up core plays a major role in determining the
coolability of the fuel cladding. Therefore the conclusion and recommendations

in the present study should best be made use of in large-break LOCA analyses.
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II. TRANSIENT FUEL RESPONSE AND FISSION-
PRODUCT RELEASE

Principal Investigators
,

J. Rest and S. M. Gehl, MSD |

A. Introdcction and Summary

A ph) sically realistic description of fuel swelling and fission-gas re-

Icase is needed to aid in predicting the behavior of fuel rods and fission gases
under certain hypothetical light-water-reactor (LWR) accident conditions. To
satisfy this need, a comprehensive computer-base model, the Steady-state and
Transient Gas-release and Swelling Subroutine (GRASS-SST), its faster-runnin;;
version, FASTGRASS, and correlations based on analyses performed with
GRASS-SST, PARAGRASS, are being developed at Argonne National Laboratory
(ANL). This model is being incorporated into the Fuel-rod Analysis Program
(FRAP) code being developed by EG&G Idaho, Inc., at the Idaho National Engi-
neering Laboratory (INEL).

The analytical effort is supported by a data base and correlations de-
veloped from charat.terization of irradiated LWR fuel and from out-of-reactor

transient heating tests of irradiated commercial and experimental LWR fuel
under a range of thermal conditions.

B. Modeling of Fuel / Fission-product Behavior (J. Rest, MSD)

1. Update on GRASS-SST and FASTGRASS Model Development

a. Random Diffusion of Bubbles to Grain Faces

The version of the GRASS-SST code reported in Ref. I did not
include the random diffusion of gas bubbles from the grains to the grain bound-
aries. The assumption used in this version of the code was that, for most

situations of interest, the flux of gas from the grains to the grain faces could
be described by the random diffusion of gas atoms and the biased (in a tem-
perature gradient) migration of gas bubbles. This assumption seemed reason-
able in light of the nature of the characterization of the bubble-size distribution

used in GRASS-SST; each size class represents a spectrum of bubble sizes, so
that tne single gas-atom size class actually represents very small gas bubbles
as well as gae ams . Thus, the random diffusion of very small bubbles (atoms /
bubble < 10) was, in effect, included in the analysis.

However, there are certain conditions in which this assumption
breaks down and the random diffusion of gas bubbles makes an important con-
tribution to the flux of gas from the grains to the grain faces. For example, in
an isothermal environment under conditiorm of low linear power (such that the
re-solution rate is negligible), the gas-atom population will rapidly disappear
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due to the coalescence of the gas atoms into bubbles. Thus, under these con-
ditions, unless the random diffusion of gas bubbles is considered, GRASS-SST
will not allow any gas to reach the grain faces. Subsequent GRASS-SST analy-
ses for isothermal, low-linear-power-type environments (e.g., TMI-2 accident
scenarios, see Sec. 2 below) using the following formalism for the random dif-
fusion of gas bubbles from the grains to the grain boundaries have demonstrated
that this mechanism of bubble mobility is a key factor influencing gas release
under these conditions.

!
The calculation of the rate at which fission-gas bubbles diffuse

randomly to the grain faces has been included in GRASS-SST as follows. A
time interval, h,-is chosen such that the average distance a gas bubble moves

; is small compared to the average distance separating the bubbles (i.e., the
~

bubbles do not interact), and such that bubble shrinkage due to re-solution can
,

be neglected. Then, the equation describing the random diffusion of the gas'

bubbles is given by
,

b c *- = D pci, ci = Cf at r = a, ci = C[ at t = 0, (1)
ig

where ci is the number of bubbles in the ith size class per unit volume of fuel,
t is the time, Di is the diffusivity of an i-size bubble, a is the grain radius,'

Cf is the concentration of i-size bubbles at r = a, and Cy is the concentration,

: of i-size bubbles within the grain at t = 0.
;

The solution of Eq.1 yields ci as a function of r (the distance
from the center of the spherical grain) and the time t; thus,

q

ci = Cf
2(C[ - Cf)a

"
m

(~
;

exp(-m y D t/a ) sin (mnr/a). (2)a2 2
i

m=1

\

Integrating the amount passing through the surface and dividing by the total,

j amount initially in the sphere gives
4

a e

6(C? - Cf)a (_1)m -* 2 Z 2
i Fi=1- exp(-m n D t/a ) sin (mnr/a). (3)inz m

m=1

| where Fi is the fraction of i-size bubbles diffused out of the sphere in time t.
The infinite series in Eq. 3 converges rapidly for n D t/a 21, and the firstZ 2

i7

term only is an excellent approximation. Thus,,

b

6(C? - Cf)
'

* 2 2 2 2

Fi = 1. - exp(-n D t/a ), n D t/a 21. (4)3 i i

,

4
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On the other hand, when n D t/a s: 1, a good approximation to Eq. 3 is given by2 2
i

3(C[ - Cf) -
2 2 2Dt/a , n D t/a s: 1. (5)Fi= i i

2 2At n D t/a The rate, R , at which the
i 1, both approximations are good.=

i

i-size gas bubbles migrate randomly to the grain face at r = a can then be

obtained from Eqs. 3-5 by

dF-
}Ri= dt *

Note that the above equations only 'escribe the flux of gas from

the grains to the grain boundaries due to the random diffusion of bubbles. These

equations (and those for the biased di1 fusion of bubbles from the grains to the
grain boundaries) supplement the calculation of the bubble-size distribution
functions in GRASS-SST that use relations describing the random and biased
migration contributions to bubble coalescence as well as the formalism for

gas-atom re-solution (e.g., see Ref.1.).

b. Random Diffusion of Grain-face Bubbles to Grain Edges

The version of the GRASS-SST code reported in Ref. I did not
include the random diffusion of gas bubbles from the grain faces to the grain
edges. The assumption used in the code was that, for most situations of inter-
est, the flux of gas from the grain faces to the grain edges could be described
as random diffusion of gas atoms, the biased diffusion of gas bubbles, and
grain-face channel formation. However, for completeness, the method of cal-
culating the rate at which gas atoms diffuse randomly from the grain faces to
the grain edges (see Ref.1, Sec. II.F) has been generalized to include the cal-
culation of the random diffusion rates for gas bubbles. This was accomplished
directly by substituting the appropriate gas-bubble diffusivities and boundary
concentrations in place of the gas-atom diffusivities and boundar; concentra-
tions in Eq. 50 of ANL-78-53 (i.e., Ref.1).

2. GRASS-SST Analyses for TMI-2 Accident-type Conditions

a. Introduction

GRASS-SST analyses of fission-gas response for TMI-2
accident-type scenarios were pe. formed in order to gain a perspective on the
subsequent condition of the fuel. These analyses are intended to be qualitative
due to the lack of hard data on the 'ael transient temperatures and on any mi-
crostructural changes that might have occurred in the fuel as a consequence
of the accident (e.g., extensive fuel fracturing). To best gain the insight re-
quired for an interpretation of the GRASS-SST-calculated results for these
TMI-2 accident-type conditions, it is appropriate at this time to present a
short discussion on the associated phenomenology.

.
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1GRASS-SST is a mechanistic computer code '2 for predicting
fiosion-gas behavior in nuclear fuels. GRASS-SST treats fission-gas release

and fuel swelling in an internally consistent manner and simultaneously treats
all major mechanisms thought to influence fission-gas behavior. The GRASS-
SST steady-state and transient analysis has evolved through comparisons of

code predictions with the fission-gas release and physical phenomena that occur
during both reactor operation and transient direct-electrical-beating (DEH)
testing of irradiated light-water-reactor fuel.3-5

GRASS-SST calculations include the effects of the production
of gas from fissioning uranium atoms, bubble nucleation, a realistic equation

of state for xenon, bubble diffusivities based on experimental observations,

bubble diffusion, bubble migration, bubble coalescence, gas-bubble / channel
formation on grain faces, re-solution, temperature and temperature gradients,
interlinked porosity, nonequilibrium effects, and fission-gas interaction with

structural defects on both the distribution of fission gas within the fuel and on

the amount of fission gas released from the fuel. GRASS-SST calculates the

fission-gas-induced swelling due to, and the fission-gas-bubble-size distribu-

tion for, bubbles in the lattice, on dislocations, and on the grain boundaries,

and the fission-gas release as a function of time, and the position within the
fuel for steady-state and transient conditions. Fission gas released from the

fuel reaches the fuel surface by successively diffusing from the grains to grain
faces and then to the grain edges, where the gas is released through a network
of interconnected tunnels of fission-gas and fabricated porosity.

The accumulation of fission gas (and other fission products)
on grain faces and edges tends to degrade the strength of the boundary, and
grain-boundary separation may result if the stresses on the boundary exceed
the boundary fracture strength. Experimentally, a change in the mode of fuel

6fracture from predominantly intra- to intergranular has been observed in

high-burnup fuel irradiated at relatively low temperatures. Extensive grain-
boundary separation has been observed d>7 to occur during the DEH transient2

heating tests on irradiated commercial UO fuel. A correlation has been noted2

between the increase in pore-solid interfacial surface area during these tests
and the amount of fission gas released. SEM examination of the tested speci-
mens indicates that intergranular separations can form by the diffusion-
controlled processes of growth and coalescence of fission-gas bubbles. In
addition, this gradual process of bubble growth and coalescence to form chan-
nels, and channel coalescence to form separations, can be interrupted by the
more rapid process of crack propagation. Crack propagation results from
stresses on weakened grain boundaries. The stresses responsible for crack-

ing are the result of applied axial load, differential thermal expansion, solid
fission-product swelling, and the pressurization of intergranular fission-gas
bubbles . Grain-boundary separation has also been observed in fuel tested in
the PBF reactor in Idaho, and in commercial fuel that had undergone a power
excursion in the Dresden reactor in Illinois.
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Thus, in order to accurately predict the release of fission gas

from grain faces and edges, one must be abic to calculate not only the evolution |
of the grain-edge porosity interconnection, but also the onset and the degree of I

grain-boundary separation. These two phenomena are somewhat interdependent I
in that they are both precipitated, in part, by the accumulation of fission gas.

Whether one or the other or both phenomena occur is dependent on fuel type
(e.g., grain size, density, etc.) as well as on the particular operating scenario

,

under consideration.

At the present stage of development, GRASS-SST does not con-
tain models for the f ermation and interlinkage of the planar intergranular sepa-
rations observed in DEH-tested fuel, or for the type of extensive fuel fracturing

that results from requenching stresses and observed in PBF tested fuel.8 This
latter type of fuel fracturing is thought to have occurred extensively in fuel

subject to the accident at TMI-2.

b. GRASS-SST Analyses

GRASS-SST analyses were performed for the portion of the
calculated TMI-2 accident temperature scenario shown in Fig. II.1. These cal-
culated temperatures represent an extreme, where nominal make-up flows and
no reflux are assumed. The calculations were made for the fuel that reached
the highest temperatures. Prior to these calculations, GRASS-SST was exe-

cuted for the steady-state (~6-kW/ft) TMI-2 irradiation. The temperature
history used for the as-irradiated condition is shown in the subgraph of
Fig .11.1. Results of the GRASS-SST analysis for the 6-kW/ft TMI-2 fuel just
before the initiation of the accident indicate the c ~99% of the generated gas was
still within the fuel grains.
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Figure II.1 shows GRASS-SST results for intragranular fission-
gae release as a function of the transient time subsequent to the first 100 min
of the accident. (Note that only the first 2.9 h of the transient has been simu-
lated.) Also shown in Fig.11.1 is the temperature history used as input to the
GRASS-SST calculations. The results indicate that at the end of the first 2.9 h
of the transient, ~42% of the generated gas has migrated out of the fuel grains
to the grain faces and edges and is availabic to be released in the advent of
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1

extensive fuel fracturing. (If no fuel fracturing occurs, GRASS-SST predicts
that this released intragranular fission gas remains trapped on the grain faces
and grain edges; i.e., no extensive interlinkage of the grain-face channels and
the grain-edge tunnela is predicted to occur.)

The model for intragranular gas-bubble diffusivity used in the
lGRASS-SST code '2 1s unique in the sense that it relates the bubble diffusivity

to the fuel yield stress, heating rate, and vacancy mobility, as well as to fuel
;

temperature and bubble radius. Figures 11.2 and 11.3 show the results of analy-
,

ses performed with GRASS-SST for three values of the fuel heating rate (5,10,'

and 25 C/s), two values for the initial fuel temperature (650 and 1500 C), and
two values for the final fuel temperature (2000 and 2650 C). The as-irradiated
history is the same as shown in the subgraph of Fig. II.1 with the addition of a
mild heat up to 650*C (Fig. II.2) and 1500"C (Fig.11.3) before the initiation of
the heating rate ramps . For each value of the initial fuel temperature and for
each heating ramp, two final fuel temperatures were used. These final fuel
temperatures were then held constant for an additional 5 h in order to be able
to compare the predicted intragranular release during the heating-rate ramp
and during a constant (high)-temperature period.
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Observation of Figs.11.2 and 11.3 leads to the following
conclusions:

(1) The greater the difference between the initial and final
fuel temperatures, the greater the predicted intragranular gas release.

|

(2) Although there is an initial trend of increased intragranu-
lar gas release with increased heating rate, an increase in heating rate above
a specified value leads to a decrease in the predicted intragranular gas release. {
For example, the 10*C/s ramp results in a higher predicted release than the j
25*C/s ramp, as shown in Fig.11.2. The value of heating rate that results in
the maximum predicted gas release depends on the initial and final tempera-
tures as can be seen by comparing Figs.11.2 and II.3 (i.e., in Fig.11.3, the
25*C/s ramp results in the highest predicted intragranular gas release).

(3) Most of the intragranular gas release is predicted to occur
during the heating-rate ramp; only a minor increase in the predicted release
occurs during the high-temperature, 5-h period, as shown in Figs.11.2 and 11.3.

Thus, based on these analyses, if a substantial release of fis-
sion gas resulted as a consequence of the first 3 h of the accident at TMI-2,
the following observations follow:

The gas-bubble mobilities during some portion of the first 3 h
must have been significantly higher (many orders of magnitude) than the dif-
fusivities based on measurements made during similar isothermal conditions.
Whether these mobilities resulted from a rapid heatup of the fuel, or from
changes in stoichiometry, or both, or from some other unknown phenomenon
is open to speculation at this time. In addition, extensive fuel fracturing must
have occurred, enabling the gas that had reached the grain boundaries to vent
to the exterior of the fuel.
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