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HEDL-TME 77-18

CONTAINMENT MARGINS IN FFTF FOR
POSTULATED FAILURE OF IN-VESSEL

POST-ACCIDENT HEAT REMOVAL

ABSTRACT

This study was performed to complete the assessment of po-
tential melt-throu9'h consequences for the postulated failure of
post-accident heat removal followingv a hypothetical core disrup-
tive accident (HrCDA) in the FFTF.

The SPRAY, SOFIRE, -CACECO, HAA-3B, and COMRADEX codes were
used to determine potential site boundary radiation doses. Pazra-
metric com~parisons were made to evaluate the effects of natural
hydrogen-oxygen recombination, reactor cavity Liner failures and
containment coolera. Containment pressure relief, vent/purge
options, and the effects of exhaust filtration were also included
in the study.

The potential site boundary radiation exposures for all
options considered were within 10 CFR 100 guideline values.
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CONTAINMENT MARGINS IN FFTF FOR POSTULATED FAILURE

OF IN-VESSEL POST-ACCIDENT HEAT REMOVAL

1 .0 Introduction

This report presents an analysis of predicted consequences and the

sensitivity of those consequences to variations in phenomenology and

engineered equipment operation for a postulated failure of post-accident

heat removal (PAHR) following a hypothetical core disruptive accident

(HCDA) in the Fast Flux Test Facility (FFTF).

Extensive HCDA analyses for FFTF, based on energy releases in excess

of predictions for hypothesized core disruptive accidents, have established

that the heat transport system would remain intact. (1)(2) Further, it has

been shown that fuel configurations resulting from mechanistic analyses of

such accidents would be coolable and permanently retained in the reactor

vessel, with cooling by either forced or natural convection flow. (3)

In order to assess the availability of still further safety margins,

a number of evaluations of postulated reactor core melt-through consequences

have been documented in the following reports:

(1) PAHR Containment Transients - November 1974.(4)

(2) Radiological Assessment of Ex-Vessel PAHR Containment Transients -

November 1974. (5)

(3) Analyses of FFTF Postulated Failure of In-Vessel Post-Accident

Heat Removal, HEDL-TI-76028, June 1976.

Item (1) reports the investigation of a range of reactor cavity liner

failure conditions, including cases where sodium contacted bare concrete.

These cases provided a basis for a parametric radiological assessment, Item

(2), and guidance in choosing among alternatives for the disposition of the

1-1
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reactor building subcavity, which was incorporated in the FFTF as space

for for a core retention system, should need for such a system be established.

References 4 and 5 supported a conclusion that no ex-vessel core retention

system would be needed. The analyses in Item (1) also showed the desirability

of avoiding contact between sodium and bare concrete and for minimizing

concrete liner failures. Subsequent analyses were made which showed that

liner plates can withstand conditions associated with an ex-vessel PAHR

event. ()Item (3) is a more realistic evaluation of PAHR conditions,

including an evaluation of assumed loss of primary heat removal capability

as an alternative assumption to core melt-through. That study considered

two circumstances, one in which the core material remains in the reactor

vessel, and one in which melt-through into the reactor cavity is postulated.

This report extends previous studies and completes the evaluation of
containment margins for postulated core melt-through for FFTF. This
study has two objectives :

a . To complete the assessment of potential melt-through consequences
with considerations of all applicable phenomena including
structural failures and possible additional radioactivity release

following boiling away of all sodium.

b. To evaluate the effects of containment operational conditions,

including possible additional design features such as venting,
purging, cooler operation, and effects of filtration.

The calculations reported here reflect updated analytical models and
data based on results of ongoing experimental and analytical development

programs associated with post-accident heat removal technology. In partic-

ular, the calculations use a new concrete water release model , hydrogen-

oxygen recombination, and a revision of water release from the reactor con-

tainment building (RCB) floor, all based on experimental data. Also, model-

ing of physical structures has been expanded to include additional energy

absorbing areas which are available in the design.

1-2



2.0 SUMMARY

Since mechanistic HCDA evaluations predict in-vessel post-accident
heat removal (PAHR) for the FFTF, the postulation of failure of in-vessel

PAHR is arbitrary. Consideration of such circumstances provides an insight

into additional containment safety margins.

Two general conditions of in-vessel PAHR can be postulated:

0 Coolable core debris within the reactor vessel, but failure

of the heat transport system (HTS) to carry away the decay heat.

9 Gore debris in an uncoolable configuration, resulting in melt-

through into the reactor cavity.

Both classes of conditions, identified as in-vessel and ex-vessel

cases, respectively, have been investigated.

In the in-vessel cases, the fuel debris is assumed to remain in a

coolable configuration in the reactor vessel, with heat transfer to stag-

nant sodium in the vessel. The ex-vessel cases assumed that at an arbitrary

time of three hours, sodium and core debris melted through the reactor

vessel bottom into the reactor cavity. The effects of structural failures

of the reactor vessel support arms and the reactor cavity floor were

included in the investigation.

The effect of arbitrary reactor cavity liner failure was studied by

introducing several cases in which the extent of liner failure in the

cavity was varied. This is an important consideration because it affects

the extent of sodium reaction with the concrete structure.

The effect of free hydrogen accumulation in the containment atmosphere,

as well as the use of experimental evidence of the natural recombination of
hydrogen and oxygen, was evaluated. The natural recombination of hydrogen
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and oxygen is expected, and absence of that phenomenon was included for

comparison.

In addition to investigation of phenomenological variations, analyses

were performed to evaluate the effects of certain operational conditions

or engineered equipment operation. For analysis of the passive containment

response, containment pressure was allowed to increase to a maximum of 20

psi ; at that pressure, blowdown to atmospheric pressure was assumed to

occur. Alternate relief concepts were studied. For one of these, venting

to atmospheric pressure and subsequent fresh air purge were provided when

the building pressure reached 10 psig or when hydrogen concentration

reached a level of 4 percent. Another case considered that building

pressure would be relieved and regulated near 10 psig.

Two other options were evaluated: the effect of RCB atmosphere cooler

operation, and the effect of filtration on the effluent discharged in

either the purge/vent case or the regulated relief case.

Conditions were studied up to the time of sodium temperature stabiliza-

tion or sodium boil-dry (whichever occurs first). In addition, the study

included an evaluation of post-boil-dry conditions. It was postulated that

fuel debris beds would reform into a consolidated layer and melt into the

structural concrete. The depth of concrete penetration was calculated to

be about 13 feet for the ex-vessel case, and about 7 feet for the in-vessel

case. Additional radioactivity release at this stage was concluded to be

negligible.

Each accident scenario was divided into several analytical phases for

calculational convenience. Computer codes SPRAY, SOFIRE, CACECO, HAA-III,

and CQMRADEX were used to evaluate the details of these phases. Post-boilup

fuel conditions and concrete penetration were analyzed using the AYER code.

Structural failure predictions were made by separate stress analyses.

2-2



2.1 Res ulIts

Because of the variety of parametric evaluations which were performed

(23 COMRADEX cases, for example), it is convenient to divide the cases into

two groups for clarity in considering results. The first of these groups

is shown on the event tree in Figure 2-1 and represents the conditions which

were evaluated for the in-vessel cases. Figure 2-2 presents similar infor-

mation for the ex-vessel cases.

The containment analysis summary for all cases is shown in Table 2-1,

and resulting site boundary doses are presented in Table 2-2. General

conclusions from these calculational results are summarized in the follow-

ing paragraphs.

2.1.1 Consequences for Passive Containment Response

Consequences for passive response of the containment were calculated

for both in-vessel and ex-vessel cases. A comparison of these conditions

can be made considering Case 658 (in-vessel) and Case 688 (ex-vessel).
2

Case 688 is conservative in assuming nonmechanistic failure of 346 ftL of
reactor cavity floor liner at the time of postulated melt-through. Both

cases assume natural H 2/0 2 recombination, RCB failure and blowdown at 20

psig pressure, no RCB cooler operation, and no filtration. Both cases

include mechanistic treatment of the reactor cavity floor. For the in-vessel

case, floor failure occurs after sodium boil-dry and subsequent interaction

of core debris and the floor. For the ex-vessel case, floor failure is

calculated at 1,008 hours.

The calculated site-boundary whole body, thyroid and bone dose for

the two cases are given in Table 2-3. With the exception of the thyroid

dose for Case 658, all doses are well below guideline values of 10 CFR 100,

and the dose from 658 was overestimated by neglecting the rainout effect

caused by condensation of sodium vapor.
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TABLE 2-2

RADIOLOGICAL CONSEQUENCES SUMMARY

Site Boundary Doses (REM) *

Case Bone Thyro id Lung Total Body

654 2.1 135.3 3.9 0.78

655 2.2 136.9 4. 1 0.80

656 2.3 152.8 4.3 0.88

657 2.6 94.0 5.4 0.49

658 1.7 304.0 3.0 1.07

659 2.0 38. 4 4.3 0.19

675 1.4 0.30 3. 1 0.04
677 7.7 1.8 17.4 0.20
678 1.4 0.30 3.2 0.02

681 1.5 0.38 3.3 0.05
682 1.5 5.1 3.0 0.30
683 2.2 78.4 3. 8 0.81
688 2.0 2.7 3.2 0.46

65 4F 1.7 1.8 3.8 0.12
655F 1.7 1.8 3.9 0.12
656F 1.8 2.0 4. 1 0.12
657F 2.4 1.5 5.3 0.12
659F 1.9 1.6 4. 3 0.07

67SF 1.4 0.29 3. 1 0.04
677F 1.5 0.31 3.3 0.13

681 F 1 .5 0.31 3. 3 0.05
682F 1.2 0.31 2.8 0.12
683F 1.5 1 .1 3.5 0.14

*Doses were calculated for the duration of the event (68 days), for a distance
of 7,240 m (4 1/2 miles) from the FFTF.
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TABLE 2-3

PASSIVE CONTAINMENT RESPONSE CONSEQUENCES

Off-Site Exposure (Rem)

Whol e
Body Thyroid Bone

In-Vessel
(658) 1 .1 304 1 .7

Ex-Vessel
(688) 1 .3 2.7 2.0

2.1 .2 Effect of Hydrogen- Oxy gen Recombi nati on

Hydrogen is produced as a result of sodium-water reactions. In order
to prevent excessive hydrogen accumulation it was considered necessary, in

previous studies, to vent the building and to control hydrogen concentration

to -4 percent by an air purge. The air purge, however, increases release

of radioactivity from the building, thus increasing the contribution to

the site boundary dose.

One purpose of this study was to consider the effect of natural

hydrogen-oxygen recombination on containment transients and the potential

effect on subsequent site boundary doses. Experimental results at HEDL

have established that under conditions typical of these accident conditions,

hydrogen would combine with oxygen to form water vapor.

The results of hydrogen-oxygen natural recombination are shown in

Table 2-4. The comparison cases both assume RCB vent and purge commencing

at 10 psig or 4 percent H 2. There is little difference between potential

doses for the in-vessel cases.

In the ex-vessel case, there was a decrease by a factor of 5 in

both bone dose and thyroid dose. The decreased hydrogen concentration

in the natural recombination case delays RCB pressure buildup and the

vent/purge, and results in a significantly lower site boundary dose.
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TABLE 2-4

EFFECT OF H 2L/2 RECOMBINATION

Site Boundary

Dose (Rem)
IN- VESSEL BONE THYROID

Natural H /0O2 2.1 135
Recombi n

(Case 654)

No H /0 2.3 153
Reco~bi~ation

(Case 656)

EX- VESSEL

Natural H /0O2 1.5 0.4
Recombi n

(Case 681)

No H /0 7. 7 1.8
Reco~bi~ation

(Case 677)

2.1.3 Effect of Cavity Liner Failures

Short of structural collapse of the reactor cavity floor, no liner
failures would be predicted mechanistically. The margins associated with
possible liner failure were investigated by arbitrarily postulated failures.

For the in-vessel case, the effect of failure of the floor liner at
the time of reactor vessel support failure (384 hours) is assessed by
comparison of Case 654 (no failure) and Case 655 (1,190 ft 2 failure).

For the ex-vessel case, initial failure areas of zero (Case 675),

346 ft2(Case 681), and 1,402 ft 2 (Case 682) were analyzed. Structural
failure was not included.
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All of these cases assume RCB vent at 10 psig, purge, natural H2/
recombination, no coolers and no filters.

TABLE 2-5

EFFECTS OF LINER FAILURES

Thyroid Bone

In-Vessel

No failure 135 2.1
(Case 654)

2Failure - 1,190 ft2 at 384 hours 137 2.2
(Case 655)

Ex-Vessel

No failure 0.3 1.4
(Case 675)

2Failure - 346 ft2 0.4 1.5
(Case 681)

2
Failure - 1,402 ft' 5.1 1.5
(Case 682)

2.1.4 Effect of Engineered Systems on Site Boundary Exposures

Analysis of the present design of FFTF has resulted in calculated

doses from the postulated HCDA which identify large safety margins for

extremely low probability events.

Another purpose of this study was to evaluate the additional safety

margin which could result from building air cooler operation, the addition

of venting or relief devices, or filtration of building exhaust from vent-

ing or relief. These effects are summarized as follows.
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2.1 .4.1 Effect of Operation of RCB Coolers

The FFTF design does not include the provision for assured cooler

operation for post-accident conditions.

The effect of postulated cooler operation is shown in Table 2-6 for

in-vessel conditions with RCB vent and purge. In this case, there was no

significant change in the bone dose, and the thyroid dose decreased by 30

percent when cooler operation was assumed.

2.1.4.2 Effect of RCB Vent/Purge or Pressure Relief

Two containment options considered to control H 2 concentration or

pressure in the RCB are the vent/purge or regulated pressure relief at

10 psig.

The effects of each of these, as compared with the case in which the

pressure is allowed to increase to twice the design pressure and the build-
ing is then assumed to vent ("Do-Nothing" case), are shown in Tables 2.7

and 2-8.

For the vent/purge case, no difference in site boundary dose was noted

for the ex-vessel case. In the in-vessel case, the thyroid dose was reduced

by a factor of about 2.3 by venting the building. The bone dose remained

essentially the same.

For the regulated pressure relief at 10 psig, the bone dose, as shown

in Table 2-8, remained essentially the same as for the "Do-Nothing" case,

but the thyroid dose was reduced by a factor of 8.
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TABLE 2-6

EFFECT OF COOLER OPERATION (IN-VESSEL CASE)

Site Bounda4ryDose_(Rem)

Bone T hyryoi d

RCB Cooler In Operation 2.6 94

(Case 657)

No Cooler In Operation 2.1 135

(Case 654)

TABLE 2-7

EFFECT OF VENT/PURGE

Site Boundary Dose (Rem)

Bone Thyroi d

IN-VESSEL

"Do-Nothing" Case
(Bldg. fails at 20 psig) 1.7 304
(Case 658)

Vent/Purge Case 2.1 135
(Case 654)

EX-VESSEL

"Do-Nothing" Case
(Bldg. fails at 20 psig) 1.7 0.4
(Case 678)

Vent/Purge Case 1.5 0.4
(Case 681)
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TABLE 2-8

EFFECT OF 10 PSIG RELIEF OF RCB

Site Boundary Dose

(Rem)

Bone Thyroid

IN-VESSEL

'Do-Nothing" Case 1. . 7 304
(Bldg. fails at 20 psig)

(Case 658)

10 psig RCB Relief Case 2.0 38

(Case 659)

2.1.4.3 Effect of Exhaust Filtration

Ten pairs of cases were calculated for which the only difference

was incorporation analytically of a filter for the RCB exhaust from

venting and/or purging. No specific filter medium or design was identified,

and a representative filtration efficiency of 99 percent was used for
all materials except noble gases. The effect of filters is shown in

Table 2-2 for case numbers with the suffix "F".

The assumed filtration reduced thyroid exposures by between one and
two orders of magnitude for cases where the unfiltered dose exceeded a

few tens of Rem. Whole Body exposures were reduced a lesser amount, up
to about a factor of 7. Lung and bone exposures calculated were predominantly

the result of an initial assumed 1 percent core inventory release to

containment, and subsequent leakage prior to venting and/or purging.
This leakage was not filtered, so these doses are not affected by the
fil tration.
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2.1.4.4 Effects of Structural Failures

Structural failures of significance in this study are collapse of

the reactor cavity floor and failure of the reactor support ledge. The

analyses of these failures are described in Appendix E. The predicted

structural failures were not specifically included in the analyses, but

analyzed conditions adequately bound the structural failure effects.

For in-vessel conditions, cavity floor collapse is predicted at 600

hours, with calculated loss of reactor vessel support arms at 384 hours and

postulated sodium release at that time. Support ledge failure is estimated

at 1,,500 hours. For cases analyzed without floor collapse, sodium boil-dry

occurred near or before 600 hours. (See Table 2-9.) Therefore,.floor

collapse at 600 hours would not significantly affect sodium boiling or

sodium reactions; the main effect would be in interaction of fuel, molten

steel , and concrete. These interactions were involved in the analyses at

the time sodium boiled dry. Differences due to floor collapse would be

expected to be relatively small, and of little significance with respect

to radiological evaluation. The steel-water reaction is completed for all

cases within a total elapsed time of 1 ,120 hours from start of the incident.

This time is well in advance of the projected ledge failure time of 1,500

hours, and no effect of this failure on the scenario has been identified.

Case 655 is an exception to the foregoing discussion. In this case the

steel-fuel-concrete interaction never occurred because the sodium had not

boiled dry by the end of the case. However, by 600 hours the activity

release was essentially completed and equal in both Case 655 and Case 654,

a typical floor failure case. Thus, failure of the floor would not

materially alter consequences in this case.

For ex-vessel cases, structural failures of the floor and support

ledge are both predicted at approximately 1,000 hours or longer. Most

ex-vessel cases analyzed did not consider structural failure, as discussed

in Section 4.4.2, and were included in the report for comparative effects

up to 1 ,000 hours. Two ex-vessel cases considered failure of the cavity
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floor, but not failure of the support ledge. Timing of pertinent events

is given in Table 2-10. For Case 683, all reactants have been consumed

prior to support-ledge failure and no effect on the scenario would be

expected. For Case 688, the containment building atmosphere was already

self-inerted, so collapse of the support ledge would not accelerate sodium-

air reactions. The potential significance of ledge failure could be

increased bare concrete surface for sodium attack. However, sodium avail-

able for reaction was already nearly consumed and, considering ledge design

and failure mode, it is not likely that failure would have a significant

effect on the reactions. Radiological consequences have been bounded by

Case 683, as shown in Table 2-2, in which early floor failure was postulated

nonmechanistically for investigation of the safety margin for such a case.

The thyroid dose for Case 683 was strongly influenced by effects prior to

floor failure, namely a large failed liner area.

TABLE 2-9

TIMING OF STRUCTURE RELATED EVENTS-IN-VESSEL
Boil1-dry Floor Failure Time Steel

Case No. Time, Hrs Time, hrs Consumed, hrs

654 526.5 888 1056
656 527.8 888 1056
657 541 .8 912 1056
658 572.9 936 1080
659 590.2 948 1120
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TABLE 2-10

TIMING OF STRUCTURE RELATED EVENTS - EX-VESSEL
Floor Failure BoilI-dry Time Steel

Case No. Time, hrs Time, hrs Consumed, hrs

683 384 429 777
688 1008 1062 1620

2.2 Conclusions

The potential site boundary radiation exposures for all the cases

studied were significantly below 10 CFR 100 guideline values. Although

the computed thyroid dose for case 658 was essentially equal to the

guideline, the dose was overestimated by neglecting the rainout effect

caused by condensation of sodium vapor. Also, the thyroid doses for the

in-vessel cases (unfiltered exhaust) and the most severe ex-vessel case

(Case 683) were overestimated by 20-40 percent by the use of a 1.7 in/sec

rather than 3.0 in/sec wind speed for times beyond four days.

The in-vessel cases produce higher calculated doses because of more

rapid sodium boiling from the reactor vessel. In the ex-vessel cases,

the greater heat sink of the building structures overrides additional

heating from chemical reaction even when liner failures are postulated.

Passive response cases assume containment failure if a pressure of

20 psig is calculated. Subsequent pressure blowdown from 20 psig causes

rapid sodium flashing and corresponding rapid release of volatile fission

products, a major factor in the increased doses calculated for those

cases. Subsequent to blowdown, reaction of sodium and, later, molten

steel with water from the concrete produces hydrogen which accumulates

in the RCB after oxygen is depleted.

Of the engineered equipment items studied, containment coolers offer

limited potential for reduction of site boundary doses. Regulated pressure
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relief reduces potential exposure but could result in high hydrogen con-
centrations in the RCB. Reductions are calculated for an RCB vent/purge
system, with additional reduction of potential exposures by filtration
of the vent/purge exhaust. These conclusions do not imply any need for
such systems for FFTF because of the extreme nature of postulated condi-
tions and the existence of substantial safety margins without such features.
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3.0 PHYSICAL DESCRIPTION AND MODELS

The FFTF consists of the Fast Test Reactor (FTR), closed ioop systems, and

supporting facilities. The reactor uses Pu-U oxide fuel and sodium coolant and
has a power rating of 400 Mt. The primary coolant system consists of three
circulating loops. Each loop has an intermediate heat exchanger (IHX) which is

part of the primary coolant boundary and through which heat is transferred from
the primary to the secondary coolant loop. The secondary coolant system trans-

ports the heat to dump heat exchangers (DHX) which reject thermal energy to the

atmosphere.

Fuel handling machines within the reactor vessel are used to transfer core
subassemblies between the reactor core and in-vessel storage or transfer posi-
tions during reactor shutdown. Additional shielded fuel handling equipment is
used to transfer subassemblies from in-vessel transfer positions to interim
storage within the containment building and to positions for transfer out of

contai nment.

The reactor and primary coolant loops are located in separate inert atmos-
phere cells below the operating floor within a steel containment building.

Service and auxiliary buildings and facilities are provided for control of the

plant, receiving and shipping of fuel and equipment, secondary coolant system

equipment, service systems and other operating and administrative services.

Figure 3-1 identifies the principal components of the FFTF and their lay-
out.

3.1 Reactor Containment Building

The Reactor Containment Building (RCB) is a steel enclosure with vertical

cylindrical walls (135 ft diameter, 1.38 inches thick) and an ellipsoidal

roof (1 inch thick). The top of the roof is 108.8 ft above the operating

floor level (at grade level of 550 ft above sea level). The RCB air volume
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between the roof and operating floor is approximately 1 .4 x 10 ft3 . The
volume of air spaces below the operating floor is small. These spaces are
neglected except for the H&V cooler room which is described later.

The RCB is a pressure-tight structure with a nominal leak rate of 0.1 vol
%/day at its 10 psig design pressure and 76'F operating temperature. This
leak rate amounts to 7.3 lb/hr or 1.5 scfm. The leak rate from the building
is assumed to vary inversely as the square root of the pressure.

The major characteristics of the RCB, as modeled for these analyses, are
summarized in Figure 3-2. Insulation on the 3.4 x 10 4ft 2 ae fro n
outside walls inhibits heat loss to the outside air. The outside air was
represented by an input table of temperature and heat transfer coefficients.
The temperature varied from 77.5 to 102.'F over each 24-hour cycle. Coef-
ficients were appropriate for stagnant air with no wind convection.

Service buildings attached to the remaining 1.0 x 10 4ft 2 area of walls also
inhibit RCB heat loss. Heat transfer through these walls to outside air is
calculated with an overall heat transfer coefficient that combines the
parallel and series resistances of natural convection circulation and of
roof and wall insulation of service buildings.

4 2The 1 .3 x 10~ ft floor area noted in Figure 3-2 represents the entire
operating floor. It includes stairways but excludes the head compartment.
This floor has high density (225 lb/ft 3) magnetite concrete over cells and
pipeways of the heat transport system and closed loops. This floor surface
is sealed by a thick epoxy coating. A drying test performed at HEDL on a
concrete cylinder covered with this epoxy coating showed that the epoxy
modifies release of water as the concrete is heated but does not significantly
delay or reduce the release. The analyses of this study neglected this epoxy
floor surface.
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The heat capacity of the RCB includes the major equipment and fixtures

located in the RCB. This equipment consists of the following:

TABLE 3-1

RCB EQUIPMENT

NAME MASS
6Polar crane and supports 1 .17 x 106 1 bs
6

Head compartment grating 0. 254 x 10
6

Head compartment off-head shielding 0.297 x 10
6Head compartment on-head shielding 0. 237 x 10
6

CLEM and transporter 0.112 x 10
6

Mi scell1aneous 0.104 x 10

6Total 2.174 x 10"

The RCB atmosphere is normally ventilated by a flow of approximately

20,000 cfm of air which is supplied and exhausted through 36" openings,

each equipped with dual containment isolation valves. Ventilation is main-

tained by operation of supply and exhaust blowers. In addition to the

ventilation, the RCB atmosphere is normally heated or cooled to maintain

normal operating temperature. Coolers for this purpose have a capacity of
61 .8 x l10 Btu/hr.

In the event of a major radioactivity release into the RCB, the contain-

ment isolation system (CIS) would automatically cause closure of the ventila-

tion containment isolation valves and shutdown of the supply and exhaust fans.

The building coolers could continue to operate; however, no specific design

features are provided to assure their operation or to permit their remote

startup or shutdown.

Instrumentation is provided for monitoring temperature, pressure and radia-

tion level within the containment.
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The studies documented in this report investigated two areas:

1 . The containment safety margins existing and inherent in the FFTF.

2. The effect of alternative containment atmosphere treatments on

containment safety margins.

For investigation of the first area, the passive response of the plant was

analyzed for the various hypothesized circumstances. In this analysis, RCB

pressures were allowed to increase to 20 psig before release and blowdown

to atmospheric pressure. For the second area, operation of equipment or

systems of interest was assumed in order to determine the effect on con-

tainment margins. The equipment operations which were investigated, singly

or in appropriate combinations, were the following:

6 overpressure relief (without blowdown to lower pressure) at essen-

tially 10 psig whenever RCB pressure reached this value,

0 vent and blowdown to atmospheric pressure, followed by forced air

ventilation (purge) to limit hydrogen concentration to 4 percent,

6 continued operation of the RCB atmosphere coolers,

0 filtration of exhaust from RCB venting.

3.2 Reactor Cavi ty

The reactor cavity is a cylindrical cell which encloses the reactor vessel,
4i 3volume of the cavity is approximately 2.2 x 10 ft' ,and roof,The atmosphere

2
wall and floor surface area totals approximately 6,800 ft This space inter-

connects through sodium piping penetrations with the upper auxiliary pipeway

which surrounds the top part of the reactor cavity. The pipeway atmosphere

volume is approximately 1.9 x 10 ft The interconnection between the spaces
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is sufficient for the two volumes to pressurize and vent together, at es-

sentially equal pressures, but not for the atmospheres to mix. In this

study, the heat capacity of the pipeway was neglected.

The reactor cavity and upper auxiliary pipeway have a design pressure of

35 psig. There are no design communication paths between the cavity-pipeway

atmosphere and the three HTS cell atmospheres, nor between the reactor

vessel atmosphere, the cavity-pipeway atmosphere, and the RCB atmosphere.

However, in this study, the sodium is assumed to boil out of the reactor

vessel or out of the cavity into the RCB atmsphere through an opening. This

opening is a nonmechanistic representation of leakage paths assumed to be

created as a consequence of the HCDA. The size of the opening is unimportant;

the study assumes that the sodium boils away from the vessel or cavity with-

out significant vessel or cavity pressurization.

A concrete shield collar surrounds the reactor vessel in the top part of

the reactor cavity. This shield collar is assembled from steel cans con-
3tamning a total of about 800 ft' of basalt concrete. Each can is vented

through piping to the adjacent cavity liner venting system. This shield

collar represents a significant heat sink, equivalent to the concrete 1 .8

inches deep on the roof, walls and floor, and was included in the analysis.

The major characteristics of the reactor cavity, as modeled for this study,

are shown in Figure 3-3.

The cavity roof is cantilevered inward from the cavity inner diameter to

provide a circular support for the reactor vessel and reactor vessel head.

The roof structure also accommodates the geometrical transition from the cir-

cular cross section of the reactor cavity to the square cross section of

-the head compartment.

The cavity roof is 6.2 ft thick and composed of magnetite concrete and

heavy reinforcing steel . This concrete-steel roof has an effective thermal
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REACTOR CONTAINMENT BUILDING
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FIGURE 3-3. Reactor Cavity Structures.
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conductivity higher than that of concrete itself. The cavity side of the

roof is protected by steel plate 0.50 inches thick, a "cold liner" design.

The cavity upper wall is 4.0 ft thick and composed of magnetite concrete.

The cavity side of this wall is protected by steel plate 0.25 inches thick,

a 'cold liner" design. The steel embedments to support these liners pene-

trate 3 inches into the concrete wall. This embedment-concrete layer has

an effective thermal conductivity higher than that of concrete itself.

Two different types of cold liners are used, with the transition at an

elevation of 24.3 ft above the cavity floor. The characteristics of the

two liner types are sufficiently similar that they were represented by one

model.

The cavity lower wall, up to 6.5 ft above the floor, is 6.0 ft thick and

composed of a layer of firebrick and then magnetite concrete. The cavity

side of this wall is protected by steel plate 0.38 inches thick, a "hot

liner" design. The cavity outer floor, outside the circle of the skirt of

the reactor vessel guard tank, is quite thick and composed of a layer of

firebrick and then magnetite concrete. The cavity floor center, under the

reactor vessel (over the subcavity), is 3.3 ft thick and composed of layers

of firebrick, insulating brick, and then ordinary basalt concrete. The

whole floor is protected by steel plate 0.62 inches thick, a "hot liner"~

design.

The cold and hot liners on the cavity roof, walls and floor are vented

through special piping into the H&V cooler equipment room in the lower

levels of the RCB. A sodium spill into the cavity would heat the cavity

roof, wall, and particularly the floor concrete, and drive out water vapor

(steam). This steam would vent into the H&V cooler room and there condense

on the cold concrete and equipment surfaces. The vent piping eliminates

buildup of steam pressure, behind the liners, that would otherwise lead to

liner failure.
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A sodium spill, even a massive spill, is not expected to strain these cold

and hot liners to failure. For purposes of investigating the containment

safety margins, however, several different conditions of liner failures have

been postulated for analysis.

In case of core melt-through from the reactor vessel and guard vessel , if

the cavity floor liner should suffer localized penetration, the concrete below

the liner would be exposed to. sodium attack. Since the floor design is dis-

continuous at the circumference of the guard vessel support skirt, the area

within this skirt would be the only area affected if reaction products pre-

vented the passage of sodium through the narrow steam vent paths at this
2

circumference. Accordingly, an exposed area of 346 ft' ,equal to the area

within the support skirt,is one liner failure condition analyzed.

For a maximum liner failure condition, the sodium attack on concrete

behind the liners on the entire cavity floor and the walls to a height of 5.6

ft was analyzed. This represents flooding of the concrete surface up to the

height of the steam vent system outlet elevations. This flooding is limited by

the buildup of steam pressure from the wall above the vent system outlets. The
2

exposed concrete area for this condition is 1,402 ft~

In case of core retention in the reactor vessel, without heat removal,

structural failure of vessel supports can be predicted at about 384 hours. If

failure of the vessel and guard vessel are assumed at that time, the quantity

of sodium released would flood the reactor cavity to a depth of 3-1/2 feet. If

gross failure of liners were postulated, a surface area of 1,190 ft 2 behind hot

liners could be exposed. This alternate condition was also analyzed.

3.3 Reactor Building Subcavity

The reactor building subcavity is the space below the reactor cavity

floor. This subcavity has an atmosphere volume of about 3.7 x 10'
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with air at 80'F. The subcavity roof is the 3.3 ft thick central floor of

the reactor cavity. The roof, walls and floor have a total area of about
2

1 ,390 ft' .The upper 6.67 ft of the subcavity wall is of magnetite concrete,

while the lower 4.0 ft is of basalt concrete. These walls are 12 ft thick.

The subcavity floor is of basalt concrete. This concrete is about 33

inches thick to the steel shell of the reactor containment building. Below

the steel shell is an additional 4 ft of concrete, for a total thickness, of

6.8 ft of concrete.

The roof, walls and floor surfaces are of bare concrete. This sub-

cavity is vented to the adjacent H&V cooler room by two pipes through the

wall, each 1-1/2 inches in diameter and 9.9 ft above the subcavity floor.

The subcavity is of significance in the analysis of post-accident con-

sequences for cases having structural failure of the reactor cavity floor.

3.4 H&V Cooler Room

The H&V cooler room contains heating and ventilating equipment for the
reactor cavity, HTS cells, closed loop cells and various pipeways. It

fills the lower regions of the reactor containment building and surrounds

the subcavity and lower part of the reactor cavity. The floor follows the

ellipsoidal shape of the bottom of the steel containment building. This
4 3room has an atmosphere volume of about 6.4 x 10~ ft ,filled with air at

800F. The H&V cooler room roof, walls and floor have a total area of
2

about 19,800 ft~

The roof-wall-floor concrete is about 43 percent magnetite; the remainder

is basalt. The magnetite portions include the outer surfaces of the lower
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wall of the reactor cavity and the upper wall of the subcavity. All of

this concrete is bare.

The H&V cooler room is important because the cavity liners and the subcavity

vent into it. As the cavity concrete heats under the postulated accident

conditions, the water release, as steam,, vents through the liner vent system

into the H&V cooler room. The cool surfaces of the room condense this

steam, forming a pool on the floor. The maximum amount of water collected,

1.6 x 10 5lbs (Case 659), would form a pool on the floor about 4.5 inches

deep, if the floor were flat.

The H&V cooler room is connected to the RCB atmosphere (above the

operating floor) by stairways. The cooler room was included in the analysis

because it would collect and hold much of the steam and energy driven out

of the heated concrete of the reactor cavity and subcavity. That is, this

room delays and reduces the heating and pressurization of the RCB atmos-

phere. Also, the room reduces the amount of steam introduced into the RCB

atmosphere and, thereby, the amount of sodium (boiled out of the reactor

vessel) and water which could react in the RCB atmosphere.

The arrangement, shape and dimensions of the H&V cooler room are not

optimum for natural convection cooling of the steam venting from the

cavity liner and subcavity atmosphere vent pipes. For this reason, the

effective volume and area of this room were reduced to half for the purposes
4 3of this analysis. That is, the room volume was taken as 3.2 x 10~ ft S

the roof and walls were taken as 6,350 ft 2of 3 ft thick basalt concrete,

and the floor was taken as 3,550 ft 2 of 3 ft thick basalt concrete.

3.5 Reactor

The reactor includes the reactor head, the reactor vessel, the reactor

internals and guard tank. The weights of these items are summarized as

follows:
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TABLE 3-2

REACTOR WEIGHTS

I tems Weight (lbs
Reactor Head 0.759 x 10 6
Reactor Vessel 0. 478 x 10 6
Reactor Internals 0. 743 x 10 6
Guard Tank 0. 242 x 10 6

The modeling of the reactor and reactor cavity is summarized in Figure

3-3. The reactor and cavity were divided into three layers:

(a) The upper vessel and wall layer, 16 feet high,

(b) The middle vessel and wall layer, also 16 feet high,

(c) The lower vessel and wall layer, 10 feet high.

The three-layer model permitted the top part of the vessel to be hotter
than the bottom part, so that the sodium could boil first from the upper

vessel layer, then from the middle vessel layer, and finally from the lower

vessel layer. However, the CACECO code dimensions permitted only two "cell

spaces". Therefore, a common sodium temperature was defined for the bottom

two layers. The sequence for combining layers is described in Section 5.

The three-layer model was used to distribute heat-generating core

debris, in accordance with PAHR predictions. ()For example, as an
upper limit, 90 percent of the core debris was distributed on the core

outlet thermal baffles used to bound the top layer.

The sodium inventory of the reactor and adjacent, drainable pipes is
5approximately 6.2 x 10' lbs. Initially, some 83 percent of this sodium is

at the nominal outlet temperature of 1050OF and the rest is at the inlet

temperature which for this study was postulated as 830'F, slightly above

the design-rated temperature of 792'F. The reactor vessel and reactor

vessel head are supported independently on a steel ring structure ("Z-ring")

which is in turn supported by the reactor cavity roof (also called the
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reactor support ledge). The guard vessel is supported by a steel skirt
which rests on the reactor cavity floor.

The reactor vessel above the guard vessel and outer surface of the
guard vessel are covered with calcium silicate insulation, and the adjacent
inlet and outlet pipes are covered with refractory fiber insulation. The
insulation thickness varies from 1 .5 inches on the skirt of the guard

tank to 13 inches on the upper part of the reactor vessel. The total outside
area of this insulation is about 5,000 ft. The space between the bottom
of the guard vessel and the reactor cavity floor is also insulated with

calcium silicate.
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4.0 BASIS FOR CASES ANALYZED

4.1 HCDA In-Vessel PAHR Assessment

Whole core accidents have been studied at length and detailed analyses and
evaluations show no realistic basis for initiation of an HCDA. (7 ) For purposes
of evaluation of containment safety margins, however, certain mechanistic core
disruptive events have been hypothesized: loss of flow (LOF) without scram,
and transient overpower (TOP) without scram.

The predicted course of an LOF hypothetical core disruptive accident
(HCDA) in FFTF is a meltdown and core dispersal with little or no energy
release. Nevertheless, mechanical consequences of LOF-HCDA's have been assessed
using highly conservative recriticality and energy conversion assumptions.
Results of the mechanical consequence assessment show that the entire primary
boundary would remain intact for conditions beyond those of a 100$/sec re-
criticalityi1 ) Sodium circulation in the primary loops would continue, with
forced convection by operable pony motors as predicted, and natural convection if
pony motors were to fail. The reactor vessel and its support system would
remain intact. Also, the reactor head would retain its integrity, and seals
would remain generally effective, so that no substantial expulsion of sodium or
core materials into the containment building would be predicted.

The TOP-HCDA has also been investigated in detail. It was concluded that
the TOP event would be terminated by nonenergetic fuel removal such that in-
place cooling of the core would follow the transient. Even if meltdown or
disassembly conditions were to occur, consequences are considered to be bounded
by the 150 MW-sec evaluation or the pessimistic LOF-HCDA evaluations. A com-
prehensive evaluation of mechanical consequences of a 150 MW-sec HCDA concluded
that, as in the case of the LOF-HCDA, the primary boundary would remain intact
and the primary HTS loops would be available to perform in-vessel decay heat
removal either by forced or natural circulation.
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The condition of a reactor core disrupted in an energetic HCDA has

been examined in detail, with the conclusion that fuel configurations are

coolable and permanently retained in-vessel.i(3 The most severe test of in-

vessel cooling occurs for the loss-of-flow HCDA. For this case, it is pro-

jected that 70-90 percent of the core inventory would be ejected upward and

form particulate beds in the upper sodium plenum on the thermal baffle and

upper plenum components. Between 10-30 percent would form a bed or molten

pool in the original core location or at some location within the support

structure. For the TOP case, in-vessel post-accident heat removal would be

predicted, with only a few percent of the core swept out to form beds on

surfaces in the upper plenum and in the upper outlet piping.

4.2 Exp ulsion Source for Sodium and Radioactive Materials

Potential leakage paths for sodium and radioactive materials are limited,

and have been identified in the HCDA mechanical consequences evaluation. (7 )

In a 150 MW-sec TOP HCDA it was concluded that sodium leakage would not occur

from reactor head-mounted components, with the exception of the closed loop

in-reactor assembly (CLIRA) spoolpiece seals. Potential leakage from that

source was estimated at 240 lbs, released into the inerted center island

enclosure. No leakage is predicted at the head peripheral seal , and the head

omega seal is predicted to remain intact.

For the case of a 100$/sec LOF-HCDA, the CLIRA seal leakage would be

similar to the 150 MW-sec results, since reactor head response is similar

for both cases. However, vessel motion would be greater in the LOF case

and the integrity of the complex-shaped omega seal, while predicted, is less

certain. If the omega seal failed, an estimated 133,000 lbs of sodium would

be released to the inerted reactor cavity. Release to the head com-

partment would be prevented by the head peripheral seal.

For the evaluation of additional safety margins by the analyses treated

in this report, the assumption is made that seals will fail, either from loss

of gas pressure in the case of inflatable seals or from the effects of sodium
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vapor and elevated temperatures. For conservatism, 100 percent of the noble

gas inventory of the fuel pins is assumed to escape into the RCB head access

compartment at the start of the accident, along with 300 lbs of sodium. One

percent of the fuel and fission products is also assumed to be released into

the RCB at time zero, although no mechanistic path for this release has been

identified.

4.3 Postulated Failure Modes for In-Vessel PAHR

As previously discussed, a disrupted core would be predicted to remain

within the reactor vessel, coolable as a debris bed by the primary HTS loops.

There are three independent primary loops: any one loop has sufficient cap-

ability to cool the core. If, however, all three loops failed, then the sodium

coolant would heat up, reach its boiling point, and eventually boil away into

the RCB. This scenario forms the basis for the "in-vessel" cases treated in

subsequent sections of this report.

If, for any reason, HCDA core debris assumed a noncoolable configuration,

the fuel could melt its way through successive barriers consisting of the core

shield-orifice assemblies, core basket region, and lower dome of the core

support structure. If a coolable configuration did not develop in the reactor

vessel inlet plenum, the lower vessel head would presumably be penetrated,

releasing molten material to the guard vessel. Even if melting should progress

to the guard vessel , it is probable that fuel fragmentation would occur at that

location, resulting in a coolable configuration. This conclusion is supported

by the ANL M-5 test. ()If further progression occurred, with penetration of

the guard vessel, sodium and core materials would be released to the reactor

cavity floor. This scenario is the basis for "ex-vessel" cases treated in this

report.

4.4 Definition of Conditions for Analyses

The cases analyzed are divided into two main categories, in-vessel and ex-

vessel. In both categories the initial containment conditions are the
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initial stages of the transient based on the initial reactor releases postu-

lated to result from the HCDA; that is, the release of 300 lbs of Na, 100 per-

cent of the noble gas inventory, and 1 percent of the fuel and all fission

products. The resulting containment pressurization, aerosol concentrations,

and leakage are calculated as contributors to the offsite effects.

Beyond the initial release effects, the two basic loss of in-vessel PAHR

scenarios, and case variations, are as described below.

4.4.1 In-VesselCases

The in-vessel cases have the core debris distributed in the vessel as

particulate beds in the same configuration as the coolable in-vessel PAHR

assessment. ()With the assumption of no coolant circulation in HTS loops, the
vessel sodium heats and boils out of the vessel into the RCB. The boilup phase

was analyzed with the CACECO code. (9) The sodium boilup rate was input to the

HAA-3 code (l0) to compute aerosol fallout within the containment vessel.

Radiological consequences were computed based on containment leakage using the

COMRADEX program. (11)

The basic scenario for in-vessel cases, typified by Case 654, is as

follows. The reactor containment building (RCB) is pressurized by sodium

boilup effects. Hydrogen is formed by the reaction between sodium and water

vapor released from the concrete containment floor. The hydrogen forms only if

water vapor concentration is greater than the oxygen concentration, as evi-

denced by tests performed at HEDL. (12 )

After the sodium is boiled out of the reactor vessel, fuel debris is

assumed to consolidate and melt through the supporting structures, eventually

penetrating the reactor vessel and guard vessel and spreading onto the floor

of the reactor cavity as a mixture of stainless steel and fuel. This mix-

ture melts into the concrete floor, releasing water vapor as the attack

progresses. The water vapor reacts with the steel to form iron and chromium

oxides and hydrogen. The quantity of molten steel available for oxidation
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was taken at 114,000 lbs. This quantity of steel represents the mass of

components directly below the reactor core to a diameter of 10 ft. The steel

comes from fuel assemblies, core basket, lower core support plate dome,

reactor vessel , and guard vessel.

The attack of the reactor cavity floor is computed with the AYER code.(l6)

When only 6 inches of reinforced concrete remain, the floor is assumed to

collapse and release the molten concrete-fuel pool to the subcavity, where

water vapor-steel reaction continues until the remainder of the steel is

consumed. Thereafter, the molten concrete-fuel pool continues spreading

radially and downward until heat dissipation and heat generation are

balanced.

The final disposition of the core has been calculated for one in-vessel

case (and one ex-vessel case to be described later). The CACECO calculations

of feedback effects to the upper regions of the containment building have

been arbitrarily terminated at 1,632 hours. Prior to that time, all sodium

has boiled away, all molten steel has reacted (usually by about 1,100 hours),

and the radioactive releases have been completed.

Variations on this basic in-vessel scenario are as follows:

Case 656 -- Same as Case 654, except that hydrogen forms at all water vapor

concentrations.

Case 657 -- Same as Case 654, except that building coolers are assumed to

remove 1.8 x 106 Btu/hr from the RCB atmosphere.

Case 659 -- Same as Case 654, except that when RCB reaches 10 psig, gas is

bled off as required to maintain that pressure. No purge is used.

Case 658 -- Same as Case 654, except that no purge nor vent is used. The
building is pressurized by hydrogen and thermal effects until the failure
pressure, taken as 20 psig, is reached. Then the building vents to
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atmospheric pressure and continues to vent as required to remain at essentially

zero pressure. This case required no active components nor operator action.

It is essentially a "do-nothing" case.

The final case (655) in the in-vessel series considers effects of thermal

creep failure of the reactor vessel support system. A structural analysis (13)

(Appendix E) indicates that the vessel support arms may fail after 384 hours

exposure to the boiloff temperatures, causing the vessel to drop and become

supported by the reactor guard vessel and cavity floor. Although this failure

does not necessarily mean sodium release to the reactor cavity, the assumption

is made in Case 655 that sodium spillage does occur. It is also assumed in

this case that all liner area contacted by sodium, 1,190 ft 2, will fail. The

sodium is cooled by cavity structures and boiling is stopped.

4.4.2 Ex-Vessel Cases

In the ex-vessel cases, the assumption is made that core debris and sodium

coolant are released to the reactor cavity on a nonmechanistic basis 3 hours

after the HCDA. This time is arbitrary; it corresponds approximately to early

estimates of the time required for a consolidated layer of core debris to melt

through the core basket and core dome. The space beneath the reactor guard

vessel and above the reactor cavity floor is nearly filled with calcium silicate

thermal insulation. This insulation may be mildly reactive with sodium. The

heating effect of this reaction has not been included in the calculations and

the insulation is assumed not to delay the release of the vessel contents to

the cavity.

The basic assumption for the ex-vessel cases is that the fuel debris would

refragment in the reactor cavity and that the liners would maintain their

integrity, even though in most of the analyses liner failure is assumed. The

assumption of liner integrity is based on structural analyses. (611 4) The

assumption of molten fuel fragmentation and dispersal in liquid sodium

is supported by the ANL M-5 test, (8) even for conditions in which molten
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fuel is released ahead of the sodium. From this general beginning, the sub-

sequent scenario can be discussed.

Seven ex-vessel cases were analyzed in this study. Five cases are para-

metric variations valid until structural failures were calculated to occur.

Two cases considered effects of structural failure and the analysis of one of

these cases includes meltdown of the core into the earth. The basis for this

last case will be described first.

In Case 683, sodium containing fuel debris fills the reactor cavity to a

depth of 16.5 ft above the cavity floor. The floor liner and wall liners are
2

assumed to fail such that 1,402 ft' of concrete react with sodium for a period

of 4 hours in accordance with small-scale experimental data on Na-concrete

reactions through failed liners. (15) Water is released from this same area

into the sodium pool . The water reacts to form sodium oxide, which remains in

the cavity, and hydrogen, which reacts to form sodium hydride, or leaks to the

RCB. Hydrogen released from the reactor cavity recombines with oxygen in the

RCB to form water vapor, so long as the effluent mixture contains sodium

aerosol, and oxygen concentration in the RCB is greater than 11 vol%.

At 384 hours, the assumption is made that the reactor cavity floor fails

and sodium flows into the subcavity. This failure time is arbitrary and

corresponds to vessel support arm failure calculated for the in-vessel case.

In this present case, vessel support arms are cooler and do not fail . A more

realistic estimate (13) places the floor failure at 1,000 hours, and that

failure time is used in the analysis of another case.

When the floor fails, sodium remaining in the cavity drains into the

subcavity where it rapidly heats to its boiling point by reaction with the bare

concrete surfaces. Sodium boilup forms sodium oxide in the RCB and accumulates

on the building floor. The heating effect of the sodium-air reaction eventually

heats the RCB concrete floor until it starts releasing water. This water

reacts with the oxide deposit, converting it to hydroxide. When all sodium
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oxide has been thus reacted, water released into the RCB has the potential for

forming more hydrogen with the sodium boilup, in accordance with 0 2concen-

tration limits described in connection with Case 654.

When the sodium has boiled dry, attack of the concrete structures by

molten fuel commences. Floor penetration calculations were made with the AYER

code, as in Case 654, except that in Case 683 the attack starts on the sub-

cavity floor, owing to the main cavity floor-failure assumption. Molten steel

present in the debris reacts with water, releasing hydrogen to the RCB. When

the steel has been consumed, any further water release reacts with sodium oxide

remaining in the subcavity to form sodium hydroxide and release additional heat

energy. The AYER code calculation was terminated when penetration showed no

further progress. The CACECO code calculation of feedback effects to the RCB

terminated at 1,632 hours. This termination time represents the same arbi-

trary choice used in the in-vessel cases, and, as in those cases, all radio-

active releases are considered to be complete.

The second ex-vessel structural failure scenario analyzed is Case 688.

This case starts out the same as Case 683, except that initial liner failure is
2

limited to the area directly beneath the guard vessel, 346 ftL .Also, rather

than vent and purge, this case allows the RCB to pressurize until its assumed

failure pressure of 20 psig is reached. The reactor cavity floor slab is

assumed to collapse at 1,008 hours, corresponding to a structural analysis

given in Appendix E and Reference (13). When the floor fails, the scenario is

similar to Case 683 except, of course, for the displacement in time arid the

absence of the air purge.

Parametric variations were tested in five cases valid to 1,000 hours, as

follows:

Case 675 -- This case starts out the same as Case 683, except that no cavity

liner failure is assumed, and no structural failures are considered. The

building is vented after reaching 10 psig. Hydrogen recombination is opera-

tive.
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Case 677 -- Same as Case 675, except that 346 f2of floor liner area is
assumed to be failed, and there is no hydrogen recombination.

Case 678 -- Same as Case 675, except that 346 ft2of floor liner failure is
assumed and the building is permitted to pressurize to 20 psig and then vent
down. No air purge is used. This case is the analog to in-vessel Case 658 and
is the same as the first 960 hours of ex-vessel Case 688, described previously.

Case 681 -- Same as Case 677, except that hydrogen recombination is used.

Case 682 -- Same as Case 675, except that a failed liner area of 1,402 ft 2 is
used.
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5.0 CALCULATIONAL METHODS

5.1 Initial Conditions for Containment Transients

The starting point for containment transients was established by using

the SPRAY Code (1)to compute the temperature and pressure resulting from
the assumed HCDA sodium and fuel release in the Head Compartment. Then the

SOFIRE code (1)was used to compute the initial pressurization and corresponding
leak rate from the RCB. Subsequent containment conditions and leakage were

calculated by CACECO.

The SPRAY code was used to calculate the temperature and pressure rise

resulting from an HCDA release of 30 kg of fuel (I percent of the core)

and 300 lbs of sodium. Input to SPRAY assumed that the fuel release

mixed adiabatically with air in the reactor head compartment, heating it and

producing an initial pressure which was equalized between the head compartment

and the RCB. Sodium spray release consequences then were calculated using

a mean droplet size of 0.01 inch diameter. SPRAY calculated that 96 lbs of

sodium was consumed, producing 130 lbs of Na2O0. The balance of the sodium

was deposited on the head compartment floor and equipment, and reacted as a

pool. The 130 lbs of Na2O0 was input to the HAA-3B code for aerosol com-

putations.

The SPRAY pressure transient is shown in Figure 5-1. The atmosphere

temperature increased to a maximum of 8420F in the head compartment. A

pressure of 0.09 psig resulted from fuel heating; this increased to a peak

of 0.14 psig in 6 sec. due to sodium spray combustion in the air atmos-

phere. The pressure in the head compartment was in equilibrium with that in

the RCB due to the large opening (-.500 ft 2) for flow through the operating

deck.

The 0.14 psig peak pressure and corresponding temperatures in the head

compartment and in the RCB from the SPRAY analysis were used as initial con-

ditions in the SOFIRE code. Decay heat calculated by RIBO 3 for 100 per-

cent noble gases and 1 percent of all other fission products was assumed to be
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FIGURE 5-1. Spray Pressure Transient.
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0 released in the RCB atmosphere. This was conservative, because fission

products other than noble gases would dissolve in or be agglomerated with

sodium oxide, the majority of which would be deposited on the RCB floor,

and thus some decay heat would be absorbed directly in the concrete floor.

SOFIRE calculated pressures and temperatures resulting from the sodium

pool fire in the head compartment plus fission product decay heat. The

pressure history curve from the SOFIRE analysis for the RCB is shown in

Figure 5-2. A corresponding leak rate history is shown in Figure 5-3.

This follows the pressure rise on the basis of a design leakage of 0.1

vol% per day at 10 psig and leakage at lower pressures proportional to V/KjP.

These transient curves apply to analyses of consequences of an HCDA
with effective in-vessel PAHR. In the present study, the initial effects

calculated with these transient curves were soon superseded by the more

severe transients calculated for the postulated conditions of loss of

in-vessel PAHR. Leak rate from the containment building in the initial
0 stage of the transient was calculated by SOFIRE based on the RCB initial

pressurization calculated by SPRAY, and subsequent pressure decay com-

puted by SOFIRE. Sodium oxide aerosol formation in the RCB was obtained

from CACECO and added to the fuel and sodium oxide aerosol concentration

computed by SPRAY from the HCDA release. A few hours into the transient,

heat and mass transport from the reactor vessel/cavity resulted in a

higher RCB pressure and leakage than the SOFIRE results, which were based

on the initial HCDA release only. At that time, transfer to the CACECO

leakage data was made and used throughout the remainder of the trans-

ient. This leakage along with the sodium transport from the reactor vessel/

cavity computed by CACECO was used as input to HAA-3B to compute aerosol

behavior in the RCB.

0
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5.2 Initial Aerosol Behavior

The behavior of the aerosol in the RCB resulting from the assumed

HCDA release of one percent of fuel and 300 lbs of sodium was calculated

with the HAA-3B code. Here, 100 percent of fission product noble gases is

assumed to be released to the RCB atmosphere at HCDA time zero along with

one percent of the fuel and fission products. The fuel with U0 2 and

Nu02 was assumed to mix homogeneously with the sodium oxide and to

agglomerate with it. This aerosol then settled, plated, or leaked out of

the RCB.

The suspended concentration of sodium oxide, fuel and fission products

vs. time is shown in Figure 5-4. The inital concentration, -2 Pg/cc,

began to decrease significantly after 2 hours. Total aerosol concentration
-5

had decreased to 1/2 its initial value at 5 hours and was less than 10

ig/cc at 1 ,000 hours. Fuel and plutonium fractions of the total aerosol

mass were 33.7 percent and 7.8 percent, respectively; assuming fuel with

an average Pu enrichment of 23 percent. Plutonium concentration vs. time is

also shown on Figure 5-4. Approximately 2 gins of Pu remained suspended at

200 hours. The plutonium concentration was initially 0.25 p~g/cc and

decreased to 7 x 10- pg/cc at 720 hours (30 days).

The foregoing fuel aerosol behavior was used as initial conditions for

all of the cases analyzed. When sodium release from the reactor cavity

caused an aerosol concentration in excess of the HCDA initial aerosol

release, HAA-3 was used to recalculate suspended concentrations from that

time until the end of the boilup transient. HAA-3B also calculated

fractional rates of aerosol deposition in the RCB. This value closely

followed the aerosol concentration transient. The deposition rate calcu-

lated by HAA-3B was used as a removal coefficient for suspended radioactivity

in cal cul ations of radiol ogical consequences.

Figure 5-4 shows that even if no additional Na2O0 were available to

scavenge the fuel aerosol, suspended concentration would decrease to the
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low levels shown at 1 ,00O hrs. The additional aerosol generation caused

more rapid deposition of the suspended fuel.

5.3 CAEO Codenalys

The containment conditions following the initial HCDA effects were

calculated by using the CACECO code. The code analyzes the conditions in

the reactor vessel, reactor cavity, adjacent cells and reactor building.

It calculates conditions such as temperatures and pressures from mass and

energy balances that include leakage and chemical reactions. The chemical

reactions include the following:

In the reactor cavity during the sodium boiloff:

sodium + oxygen to form sodium oxide

sodium + concrete

sodium + water vapor to form hydrogen

sodium + hydrogen to form sodium hydride

In the cavity after sodium has boiled dry:

stainless steel + water vapor to form hydrogen

In the RCB:

sodium oxide + Water vapor to form sodium hydroxide

sodium + oxygen to form sodium oxide

sodium + water vapor to form hydrogen

hydrogen + oxygen to form water vapor (hydrogen recombination)

The code calculates temperature transients for equipment, roofs, walls, and

floor structures, which act as heat sources and sinks in the analysis.

All cases analyzed, both in-vessel and ex-vessel , used the RCB model

described in Section 3.1. All cases started with the reactor vessel and

cavity model described in Sections 3.2 and 3.5. The RCB atmosphere was

heated by the decay power of the IDS fuel storage and of the HCDA release of
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one percent of core debris and all noble gas fission products. The reactor

vessel permitted the top layer of the sodium to heat faster and become

hotter than the middle and bottom layers. The top layer of the vessel was

heated by the decay power of 9/10 of the core debris (actually 89.1 percent,

since 1 percent was released into the building). The middle layer of the

vessel was heated by the decay power of the in-vessel fuel storage and of

1/10 of the core debris.

The CACECO analysis of Case 654 is described in detail to illustrate

the calculational method for in-vessel cases, and the analysis of Case 683 is

described to illustrate the ex-vessel cases.

5.3.1 In-Vessel Case Analysis

Case 654 held the HCDA core debris in-vessel. Briefly, the vessel

sodium heated and boiled away. The sodium boiloff heated and pressurized

the building. The building was vented to prevent over-pressure and an air

purge was begun to limit the hydrogen concentration. When the vessel boiled

dry, the core debris melted through the vessel bottom onto the cavity floor

and thence, after the floor collapsed, onto the subcavity floor. The

CACECO analysis was stopped after the radioactivity release had ceased.

The code permits the user to redefine any of the four cells analyzed

by the code, and this code feature was used to carry the analysis through

successive stages. The CACECO analysis of this in,,,vessel case is outlined

in Table 5-1. The successive steps of the containment scenario that use

cell redefinition occur at 83 hours, 526.5 hours and 888 hours. At 83

hours, the building ventdown was finished and an air purge begun. At 526.5

hours the vessel boiled dry and the core debris melted through the vessel

bottom. At 888 hours the cavity floor failed and core debris spilled into

the subcavity.

The analysis situation at the beginning of Case 654 is shown in

Figure 5-5. The upper vessel layer began with 290,000 lbs of sodium at
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FIGURE 5-5. CACECO Case 654 - Sodium Inventories, 0 to 83 Hours.
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10.50'F and heated to 1620'F at 20 hours. The combined middle and lower

layers began with 330,000 lbs of sodium at 980*F and heated to 1216OF in

the same time period. The combined layers required 75 hours to heat to

16200F.

The RCB was vented at 82 hours to prevent pressurization above 10

psig. The ventdown (also called blowdown) to near atmospheric pressure

was assumed to take one hour (to 83 hours); then operation of the H&V

ventilation blowers was simulated to provide the air purge to limit hydrogen

concentration.

The analysis situation from 83 to 526.5 hours is shown in Figure 5-6.

At 83 hours, the combined layers of the reactor coolant had 558,200 lbs of

sodium at 16360F. The air purge of the RCB, beginning at 83 hours, cooled

the building atmosphere to 7820F but it heated again to the maximum value

of 1015 0F at 185-189 hours. Also, the RCB roof steel heated to 820'F. The

analysis assumed that these high temperatures would degrade insulation

on the outside of the roof to the extent of tripling its thermal conduct-

ivity. The decay power caused the vessel to boil dry at 526.5 hours.

Following sodium boil-dry, fuel debris was assumed to melt through the

reactor vessel as discussed in Section 4.4.1. The CACECO simulation of the

post-boil-dry period used two new features. One feature introduced the

stainless steel-water reaction to produce hydrogen which had to be controlled

by the building air purge. The source of the stainless steel is described

in Section 4.4.1. The second feature used a 2600'F heat source on the cavity

floor, and later in the subcavity, to represent heating caused by the molten

pool of core debris and basalt concrete.

The CACECO analysis of the cavity floor and subcavity concrete heating

is the basis for the concrete water release which reacted with the stain-

less steel to produce hydrogen. By 888 hours, water release from the cavity

floor had reacted 51 percent of the stainless steel. By 1,056 hours, water

release from the subcavity walls and floor had reacted all of the stainless

steel.
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The CACECO analyses of all cases stopped at the arbitrary time of

1,632 hours, which is 68 days after the HCDA. By this time all radioactive

release had ceased. For Case 654, the hydrogen production and RCB air

purge ceased at 1,056 hours. Thereafter, analysis showed the gradual

attainment of a steam atmosphere in the RCB as core debris heating continued

to drive moisture out of the cavity and subcavity concrete.

Following sodium boil-dry, penetration of the containment floors was

calculated by the AYER code. (l6) The AYER code was developed by Los Alamos

Scientific Laboratory and modified by the Westinghouse Advanced Reactors

Division. The code implicitly solves the general two-dimensional equation

of transient heat conduction and includes in-plane anisotropic th 'ermal

conductivity and interface thermal contact resistance. It uses the finite

element method. Core decay heat (input data) is distributed uniformly

throughout the pool. Temperature distribution within the pool is determined

by conduction and boundary conditions. When the average temperature of the

nodes forming an element becomes greater than the melting point of the

material in the element by an amount which accounts for heat of fusion, the

element is included in the pool zone and the properties of the pool material

are recalculated using appropriate mass or volume weighting. The code outputs

the temperatures at the nodes, the average and maximum temperatures in each

zone, volumes of the zones, and information on the heat balance of the zones.

The AYER analysis of Case 654 began at 527 hours with the core debris
2

of 2,850 kg of molten fuel spilled over the 346 ft~ area of the cavity floor

under the reactor vessel. The core debris melted into the floor to form

a basalt concrete-core debris molten pool. The analysis assumed that heat

loss from the surface of this pool amounted to 75 percent of the decay

power of the debris. This cavity floor was assumed to fail when the pool

had melted through 33 inches of firebrick, insulation brick, and concrete

to within 6 inches of the bottom surface. This failure occurred at about

880 hours. The AYER analysis was continued with the core debris and

molten concrete of the cavity floor spilled onto the subcavity floor. The

AVER analyses are described in Appendix C.
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5.3.2 Ex-Vessel Case Analysis

Case 683 assumed the HCDA core debris to be released ex-vessel at 3 hours.

Briefly, the sodium spilled onto the cavity floor, the liner failed and the

sodium heated. The RCB was vented to begin an air purge to limit the

hydrogen concentration. The cavity floor failed and spilled core debris

and sodium into the subcavity. The reactions with bare concrete reacted

and boiled away the sodium. When the subcavity was dry, the core debris

melted into the subcavity floor. The CACEQO analysis was stopped after

hydrogen production had ceased.

The CACECO analysis of this ex-vessel case is outlined in Table 5-2.

The containment scenario's successive steps using cell redefinition occur

at 3 hours and 384 hours. At 3 hours the core debris melted through the

vessel and tank bottoms and spilled the vessel sodium into the cavity. At

384 hours the cavity floor collapsed and the core debris and Sodium spilled

into the subcavity.

The analysis situation at the beginning of Case 683 is shown in Figure

5-7. The upper vessel layer began with 290,000 lbs of sodium at 1050'F and

heated to 1276'F at 3 hours. The combined middle and lower layers began

with 330,000 lbs of sodium at 980'F and heated to 10240F.

In these ex-vessel cases, the assumption was made that the core debris

melted through the bottoms of the reactor vessel and guard tank and, with

the sodium, spilled into the reactor cavity at 3 hours. The melt-through,

spill and time are nonmechanistic and arbitrary. The sodium spill flooded

the cavity to a depth of 16.5 feet.

The analysis situation after the sodium spill is shown in Figure 5-8.

The floor liner was assumed to fail and sodium flooded behind the liner.

In Case 683, 1,402 ft 2of wall and floor area were contacted by the sodium.

The sodium-concrete reaction lasted 4 hours and extended 2 inches into the

concrete. Water released from the concrete behind the flooded liner went

into the sodium pool, reacted and produced hydrogen.
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The hydrogen flow from the cavity carried sodium vapor into the RCB

atmosphere. The sodium and hydrogen reacted with the atmosphere, the sodium

forming sodium oxide and the hydrogen "recombining" to form water vapor.

The conditions for hydrogen recombination have been the subject of recent

experimental investigations at HEDL. (12 ) These indicate that recombination

stops when the oxygen concentration falls below 11.0 percent. At 40 hours,

these sodium and hydrogen reactions reduced oxygen concentration in the RCB

from 21 to 11.0 percent; hydrogen-oxygen reaction ceased and hydrogen began

to accumulate.

The RCB was vented at 55.1 hours in order to start an air purge to

limit hydrogen concentration. The ventdown started at 6.4 psig with hydro-

gen at 3.4 percent. The ventdown to near-atmosphere pressure was assumed

to take 0.9 hours (to 56 hours) and then operation of the H&V ventilation

blowers was simulated to begin the air purge.

At 384 hours, the sodium pool was at 1475'F and about 13.3 feet deep.

Then the assumption was made (in this case) that the cavity floor collapsed

and spilled core debris and sodium into the subcavity. The analysis

situation after the floor collapse is shown in Figure 5-9. The flooding

of the subcavity drained the cavity so that the new surface was only about

9 feet above the previous floor level. This collapse exposed the following

new areas of bare concrete to sodium attack;

2346 f t of the under side of the cavity floor,
2700 f t of the walls of the subcavity and
2346 ft of the floor of the subcavity.

The sodium-concrete reactions and the attendant sodium-water reactions

heated the sodium to boiling. By 428.7 hours the sodium had boiled dry;

some 33 percent (203,900 lbs) had evaporated into the building, 26 percent

(162,800 lbs) had reacted with the water release to form sodium oxide in

the cavity and subcavity, and 41 percent (253,000 lbs) had reacted with the

concrete.
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The CACECO analysis was continued past the sodium boil-dry time in

order to predict the RCB releases that would follow. That is, the RCB

releases were calculated by the CACECO code, while the penetration of the

subcavity floor by core debris was calculated by the AYER code.

The CACECO simulation of the post-boil-dry period introduced the

stainless steel-water reaction to produce hydrogen which had to be con-

trolled by the RCB air purge, and the 2600OF heat source in the subcavity

to represent the heating caused by the molten pool of core debris and

basalt concrete. The analysis of the concrete heating was the basis for

the concrete water release which reacted with the stainless steel. By 770

hours, the water release from the subcavity walls and floor had reacted

all of the stainless steel. For Case 683, the hydrogen production and RCB

air purge ceased at 770 hours. Thereafter, the analysis showed the gradual

attainment of a steam atmosphere in the RCB as core debris heating continued

to drive water out of the cavity and subcavity concrete.

The AYER analysis of Case 683 began at 429 hours with the core debris
2

of 2,850 kg of molten fuel spilled over the 346 ft~ area of the subcavity

floor. The debris was covered by 5.5 feet of sodium-concrete reaction

products from the cavity floor and subcavity walls. The core debris melted

into the concrete reaction products, above, and into the concrete, below,

forming a basalt concrete-core debris molten pool. The analysis assumed

that heat loss from the surface of the concrete reaction products was

small until the pool broke through this surface. Thereafter, the heat loss

from the pool surface amounted to 75 percent of the decay power of the

debris. The AYER analysis continued until the molten pool reached maximum

size and started receding. This analysis is described in Appendix C.

5.4 HAA Code Analysis

Aerosol behavior in the RCB and head compartment was calculated

with the HAA-3B code. The initial aerosol input included fuel and

sodium oxide from the reactor head HCDA release. The fuel included U0 2 and
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PuO 2, and was assumed to be mixed homogeneously with the sodium oxide. The

entire aerosol was assumed to mix homogeneously with the RCB air atmosphere.

The initial aerosol input of sodium oxide was determined from the SPRAY

code analysis, while the long-term sodium oxide source released from the

reactor vessel and/or cavity was determined from the CACECO code analysis.

RCB leak rate input to HAA was supplied by SOFIRE and CACECO. Fission

product noble gases do not dissolve in or agglomerate with fuel and sodium

oxide aerosol but will leak out of the RCB with the aerosol. The major

aerosol mass will settle on the RCB floor, a small amount will plate out on

RCB walls and a small amount will leak out over the long term.

Sodium vapor leaked from the reactor vessel or cavity into the RCB

was assumed to react into sodium monoxide as rapidly as it was released

when oxygen was present. Once oxygen was depleted the calculated fallout

rate dropped to zero, while leakage from the RCB continued without benefit

of aerosol fallout. This was a conservative assumption, because some fallout

depletion is expected from product aerosols of the sodium-water reaction

and/or condensation of sodium vapor. However, no experimental evidence has yet

been identified to quantify this assumption. The aerosol fallout rate

vs. time calculated by HAA was utilized as input to the COMRADEX code for

the radiological evaluation.

5.5 COMRADEX Analysis

The COMRADEX~1 ) computer code was utilized to calculate the release of

radioactive materials from the Reactor Containment Building (RCB) and the

potential exposures at the site boundary (4-1/2 miles).

5.5.1 Radioactivity Release Model

The release of each isotope from containment is found by following it

through one to four "chambers" in series, so that the first chamber leaks to

the second, the second to the third, and so on; the last chamber
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leaks to the environs. For each isotope in each chamber at each time step,

the following differential equation is solved:

dN Nk X(i- 1 i k k Nk k Nki = X (k-1) (k-1l) + N' N NL1 N. (i -lI) - 1 R i C i L iTt 1

where: i is the isotope index (i is this isotope; i-l is the preceding

member of this decay chain).

k is the chamber index (k is this chamber; k-l is the previous

chamber).

N is the number of atoms (N k is the number of atoms of this
1

isotope in this chamber).

-X is the leak rate from the chamber indicated.
L1

XR is the radioactive decay constant for the isotope indicated.

Cis the cleanup rate (fallout rate in FFTF) for the chamber

indicated. Fallout is not applied to noble gases. Due to the

abundance of sodium in this scenario there are no free halogens;

consequently, the sodium halides are treated as particulates

with respect to fallout and filtration.

A necessary boundary condition is the initial inventory of each

isotope in the first chamber. The core inventory library resides on a

computer file (see 5.5.3) and a fraction of that inventory is assigned to

the first chamber by input. The leak rates are input from files developed

by SOFIRE and CACECO and interpolated by TRIMIT. The decay constant for each

isotope is furnished by the library and the fallout rate is an input file

developed by HAA, and interpolated by TRIMIT.
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.For convenience, the releases from the "boilup" phase were calculated

first. They were then superimposed upon those from the initial HCDA release

phase, and finally the potential doses were calculated.

The COMRADEX modeling of the boilup phase considered the reactor

vessel/reactor cavity as the first chamber of a two-chamber calculation.

At the outset, 99 percent of the volatiles and 620,307 lbs of sodium were

assigned to that chamber. The volatile elements are those whose probable

chemical form has a substantial vapor fraction at the boiling temperature

of sodium; specifically As, Se, Br, Cd, Rb, I and Cs. These were than

available to "leak" from Chamber 1 to Chamber 2, the containment building.

The leak rate of Chamber 1 was the sodium boiloff rate determined by

CACECO and interpolated by the TRIMIT program. TRIMIT performs a "least

squares" fit to all CACECO data which are reasonably continuous, but where

the data change very rapidly, as at the time of vent, TRIMIT integrates

the area under the data curve for three time steps, subtracts the product

of the previous ordinate and its time step and assigns the average of the

remainder for the next two ordinates. In this manner all leakage is

accounted for. Figure 5-10 is an example of the TRIMIT interpolation; a

stepwise curve is plotted together with the input data. There is no fallout

in the initial chamber; any refluxing had already been accounted for by

CACECO.

The arsenic, selenium, and cadmium were assumed to boil off at the same

rate as the sodium. For two special groups, rubidium-cesium and bromine-

iodine, that leak rate was modified by the program TRIMIT to reflect the

characteristics of fission product release from sodium as presented by

Castleman. (19) Figure 5-11 shows Castleman's estimate of the fission

product releases as a function of sodium vaporization. The rubidium was

assumed to be similar to cesium and the constants for cesium were used to

modify the Na vaporization source data; this provided a specific represen-

tation for cesium, the major contributor of the two, and a good represen-

tation for the rubidium. Although no data were presented for sodium

bromide, it is expected that it would exhibit much the same characteristics
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as sodium iodide; therefore, the constants for NaI were used for both.

The sodium pool temperature for these calculations was assumed to be a

constant 1200'K (1700'F).

The initial pressure in containment was due to the HCDA release; there-

fore, the leak rate was determined by the SOFIRE calculation for the first

several hours then by CACECO for the remainder of the run. The fallout

within containment is predicted by HAA-3B. TRIMIT interpolates all these data

for COMRADEX. Figures 5-12 and 5-13 illustrate the TRIMIT output of these

data.

Utilizing the restart feature, the "CAN" portion of COMRADEX, which

computes the release from the containment, was executed three times, once

for the Na, As, Se and Cd, once for the Rb and Cs, and once for the halogens.

All fission product chains were present in each run but with the initial

inventories of the nonvolatile isotopes equal to zero. The release data

were accumulated on a source tape. The halogens and noble gases produced

within Chamber 1 due to radioactive decay of the volatiles were allowed to

escape to Chamber 2 at the cavity leak rate but nonvolatile solids produced

by such decay were assumed to precipitate.

The COMRADEX modeling of the initial HCDA phase was done as a single

chamber run. The release contained 100 percent of the noble gases, 300 lbs of

sodium, and 1 percent of the fuel and fission products as described in Section

5.5.3. The leak rate and fallout rate for the containment building were

the same as were used in the boilup phase modeling. The releases from the

initial HCDA phase were summed with those from the boilup phases utilizing

the restart feature. The plot data for the individual isotopes for the

four "CAN" executions were summed by the program ADDEM and building releases

plotted by group using the program NUKARF.
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5.5.2 Radiological Exposure Models

5.5.2.1 Direct Dose

The direct dose model assumed the Containment Building to be a spherical

container with the radioactivity uniformly distributed therein. The location

of the FTR and the shielding in the reactor head and structures effectively

obviate consideration of "Chamber 1" as a source for direct dose. The

direct dose was calculated, at each time requested, by summing the products

of the airborne activity of each isotope and the gamma value (see Section

5.5.4) for that isotope. This sum was then used as a source in an equation

which calculates the resultant dose at requested distances accounting for

attenuation by air. The shielding provided by the Containment Building was

modeled by a constant multiplier. This constant was calibrated by comparing

direct doses from CQMRADEX with those from ISQSHIELD. (20)

5.5.2.2 External Dose

The external or cloud dose was calculated from the released radioactivity.

An array of downwind distances was generated; for each isotope the decay in

transit was calculated and the product of the gamma value and the activity at

each of these distances was found. When summed for all isotopes between

each of the requested times this product array became the external dose

source array.

The plume (cloud) properties were as reported in 5.5.5. The dose at

each receptor location was calculated by dividing the plume into X, Y, & Z

(downwind, crosswind, and vertical) elements, determining the source within

the element, determining the attenuation in air over the distance between

the center of the element and the receptor, and finally summing the contri-

butions from all elements. This set of calculations utilized 30 elements

in each direction, giving 27,000 elements. The doses at the first

requested time (2 hr) were calculated, then the increase in doses between

that time and the next requested time (8 hr) are calculated and added to
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the first. Since the dose increase between times was calculated separately,

the meteorological conditions prevalent during that period were used in

that calculation.

5.5.2.3 Internal Dose

The internal dose is the dose due to radionuclides accumulated within

the body; the mechanism assumed is inhalation of the plume based upon

continuous residence at a receptor location from the time of the accident

until the time reported.

After the release of each isotope from the Reactor Containment Building

had been calculated, the radioisotope decay or production in transit to

the various receptor locations was used to modify that data. The quantity

of each isotope passing each receptor position between the times of interest

was multiplied by each of the F values (see Section 5.5.4) and accumulated

in a table of times and potential doses to organs as a function of

downwind distances. The dose for each organ at each time and each distance

was then found by accumulation of the product of the values in this
table and the fraction inhaled. The fraction inhaled was determined
using the X/Q values (see Section 5.5.5) and the breathing rates provided

in Regulatory Guide 1.4 (21) (i.e., 3.47 x 10-4m3/ sec for the first 8 hours,
-41 .75 x 10 for the remainder of the first 24 hours, and finally

2.32 x 10- thereafter).

5.5.2.4 ToPta-l Dose

COMRADEX adds the direct, the external, and the "whole body" component

of the internal dose to arrive at a "total" dose.

5.5.3 Initial Source Term Model

Just prior to the HCDA the core was assumed to be at the end of

equilibrium cycle, at which time it would contain the maximum inventory of
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radioactive fission products. The fission product inventory was calculated

by the RIBD3 code (22) uigteENDF/B-IV(2 3)fsso product file.

The sodium activity was based upon an estimated saturated specific

activity of 0.74 pCi/cc for sodium 22 and, for sodium 24, FTR simulation

testing in EBR-II: 9.68 mCi/cc (4

The fuel inventory was also estimated for end-of-equilibrium cycle

with the core assumed to have been fueled with LWR recycled plutonium.

The fuel was assumed to have waited 7-1/2 years between separation and

loading into the FTR, thus allowing decay of Pu 241 to Am 241. The curium

and americium inventories were also estimated for the end-of-equilibrium

cycle. The core inventory is the composite of all of these and is displayed

in Appendix B-1.

5.5.4 Biological Dose Model

After computation of the activity of each isotope which passes each

receptor position, the potential doses were calculated using "F" values and

gamma values listed in Appendix B-1. The gamma values are used to convert

the activity of an isotope to potential direct dose from that isotope.

The gamma values are based on the gamma energy released per disintegration (2 5)

and have units of (roentgen-ft )/(curie-hour).

"F" values are used to predict internal dose, given the activity of

individual isotopes inhaled. The internal dose is due to radionuclides

accumulated within the body. The dose is based on a 50-year life expectancy.

The "F" values for bone, thyroid, and total body (internal component only)

were calculated using the ICRP-II model (26 ) and were taken from a fission

product library tape supplied by Atomics International .25 ~ All the lung

"F" values and the plutonium bone "F" values were calculated at HEDL

using the ICRP Task Group Lung Dynamics Model .27 ) The bone, thyroid, and

total body "F" values for americium and curium are based on the ICRP-II model

and were taken from HERMES. (28 ) "F" values have units of Rem/curie inhaled.
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5.5.5 Meteorological Model

The meteorological parameters used were intended to duplicate those of

Regulatory Guide 1.4. (2l ) The standard Pasquill classes were used and the

windspeed adjusted so that the XIQ values would approximate those of the Guide.

Table 5-3 compares the Reg. Guide and COMRADEX parameters and Figure 5-14

compares the X/Q values. Wind meandering is included, based upon the

following equation from Reg. Guide 1.4,

X=2.032
Q a7

Where ay = the vertical standard deviation of the plume (meters),-z
u = windspeed (meters/sec), and

x = distance from point of release to the receptor (meters).

The actual COMRAIJEX calculations for this study used a windspeed of

1.7 in/sec rather than 3.0 in/sec to compute doses later than four days. This

significantly affects the in-vessel cases and ex-vessel Case 683 in which

substantial thyroid doses were accumulated after four days. The effect is

an overestimation of the 30-day and 68-day thyroid doses by 20-40 percent.

This does not alter the conclusions reached in this report.
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6..0 RESULTS OF ANALYSES

This section presents the results of analyses of cases investigated

in this study of containment alternatives. Two cases are discussed in

detail , one representative of the in-vessel cases and the other represen-

tative of the ex-vessel cases. The remaining cases are discussed at a

reduced level of detail aimed at explaining differences relative to the

representative cases. The discussions support the information given in the

summary section of this report. Additional detailed results are given in

appendices to this report.
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6.1 Case 654

6.1 .1 Containment Transients

This discussion is the first in the series of descriptions of in-vessel

cases wherein the core debris remained in the reactor vessel during all (or

most) of the sodium boiloff phase of the scenario. The sodium boiled off

into the RCB atmosphere, and sodium reactions with oxygen and water vapor

heated the atmosphere and generated hydrogen, both of which pressurized

the RCB.

Case 654 is a representative in-vessel case, with ventdown and air

purge to control the pressure and hydrogen concentration in the RCB. In

this case, the natural hydrogen recombination was effective and RCB H&V

space coolers were inoperative.

Following the initial HCDA release, the case proceeded with the sodium

in the vessel upper layer at 1050'F and heated by nearly 9/10 of the core

debris decay power, and with the sodium in the combined middle and lower

layers at 980OF and heated by 1/10 of the core decay power. -The upper layer

heated to the boiling point, 1620'F, in 20 hours and the combined layers

heated to the boiling point in 75 hours.

The sodium boiloff heated and pressurized the RCB atmosphere. At 82

hours, as shown in Figure 6-1, the RCB was heated to 633*F and pressurized

to 10.0 psig. The sodium-oxygen reaction had reduced the oxygen concentration

to 5.8 percent. No free hydrogen had been produced and its concentration was

zero. The RCB was vented at 82 hours to relieve the pressure. The ventdown

(also called blowdown) to atmosphere pressure was assumed to take one hour

(to 83 hours). This ventdown vaporized 10,600 lbs of sodium from the vessel

into the RCB, and the sodium consumed all of the remaining oxygen and water

vapor, resulting in an inerted hot atmosphere in the RCB. The ventdown

effects are shown in Figure 6-1: in the top curve by the sharp rise in

temperature from 6330F to 10050F; in the middle curve by the sharp fall in
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pressure from 10 psi9 to zero; and in the bottom curve by the sharp rise

in hydrogen concentration. The ventdown released 52 percent of the RCB
3atmosphere to the outside at an average vent rate of 28,100 ft' /min, as

shown in Figure 6-2.

The hot RCB atmosphere heated the concrete floor which released water

vapor which, in turn, reacted with the sodium oxide deposit and with the

sodium vapor from the boiloff. The sodium-water reaction generated more

hydrogen. The RCB air purge to control the hydrogen concentration to 4

percent began at 83-84 hours. The fact that the air purge was operative is

reflected in the bottom curve of Figure 6-1 by the constant 4.0 percent

hydrogen. The RCB vent or exhaust rate, which includes the air purge effect,
3is shown in Figure 6-2. The RCB vent rate was about 5,000 ft /min at 84-91

3hours and thereafter decreased to 430 ft' /min at the end of the sodium

boiloff, at 526.5 hours.

The air purge of the RCB, beginning at 83-84 hours, cooled the atmos-

phere to 7820F as shown in the curve at the top of Figure 6-1. The sodium

boiloff reactions with purge air heated the RCB again to the maximum value

hours. During this time of maximum temperature, theof 1015'F at 185-189 ii

RCB roof steel reached its maximum value of 820'F. Thereafter, as the

decay power decreased, the sodium boiloff rate decreased and the RCB tempera-

ture decreased to 7860F at the end of the sodium boiloff (526.5 hours).

A feature of the air purge during the sodium boiloff to 526.5 hours

was an apparent "lock step" of oxygen and water vapor concentrations. These

concentrations rose to a maximum of 12 percent at 110 hours, decreased to

zero at 360 hours and then rose again. The oxygen and water vapor have

separate sources: the oxygen from the air purge and the water vapor from

heating the concrete floor. That is, the hot atmosphere heated the concrete

floor, driving water vapor out, through the sodium oxide-sodium hydroxide

deposit, into the atmosphere. The water vapor reaction with sodium vapor

was the source of hydrogen. The air purge that introduced oxygen was regu-

lated to limit hydrogen to 4 percent concentration. The analysis used the
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experimental observation from the HEDL hydrogen recombination tests (12)

that the sodium does not react with water vapor unless the water concentra-

tion is greater than the oxygen concentration. This experimental observa-

tion was the restriction that regulated the water vapor concentration (the

source of hydrogen) to the same value (and a bit more) as the oxygen

concentration (the purge of hydrogen) during this boiloff phase of all in-

vessel cases.

The in-vessel case assumed, following the boil-dry time, that the

core debris would melt through the bottoms of the reactor and guard vessels

onto the floor of the reactor cavity. The transient temperatures and

disposition of the core debris were the subject of AYER code analysis

which is discussed later. The CACECO code analysis was continued past the

boil-dry time in order to predict the ensuing RCB conditions. This CACECO

analysis assumed a pool of molten stainless steel at 2600OF on the floor

of the cavity. This pool radiated heat energy to the floor and surrounding

cavity walls. The stainless steel reacted with water vapor released from

the floor concrete. The hydrogen which was produced from this reaction

was limited by the RCB air purge.

In Case 654, from 536.5 hours to 888 hours, the 2600OF source simulated

the core debris attack into the cavity floor. This source heated the con-

crete floor, driving off water vapor which reacted with the 114,000 lbs of

stainless steel associated with the debris. At first, the water release

rate and hydrogen production rate were rapid and the required air purge

was reflected in Figure 6-2 by the sharp jump in vent rate to more than

6,400 ft 3 min at 537-543 hours. The cessation of the sodium boiloff

permitted the RCB to cool off as shown in the top curve of Figure 6-1 by

the temperature decrease following 526.5 hours. Again, the fact that the

air purge was operative is shown in the bottom curve of Figure 6-1 by the

constant 4.0 percent hydrogen. The water release from the cavity floor

decreased with time, and the associated hydrogen production, air purge,

and vent decreased, also. At 700 hours, the air purge ceased because

hydrogen was limited sufficiently by water vapor from the RCB floor and

6-6



H&V cooler room. By 888 hours, as shown in the top curve of Figure 6-1,

the RCB temperature was 2200F, in the bottom curve of Figure 6-1 , the

hydrogen concentration was 1.8 percent, and the oxygen and water vapor

concentrations were 1.3 and 92 percent, respectively. On Figure 6-2, the
3vent rate was 200 ft' /min. The water release from the cavity floor had

consumed 52 percent of the stainless steel associated with core debris.

Based on an AYER calculation, discussed later, the core debris would

melt into the cavity floor and cause it to collapse after about 360 hours

(888 hours from HCDA). The collapse spilled the core and concrete debris

from the floor into the subcavity. The CACECO code analysis was continued

past this floor collapse time, still using the 2600'F source to simulate

the heating caused by the fuel and floor debris, and continued to react

stainless steel and water vapor to produce hydrogen.

In Case 654 following 888 hours, the 2600OF source was used to compute

the heating of the subcavity walls and floor, and the water release rate.

Again, at first the water release rate and hydrogen production rate were

rapid, as shown in the bottom curve of Figure 6-1 by the sharp jump in

hydrogen concentration at 888 hours. The hydrogen concentration control at

4 percent denotes air purge operation which is reflected by the jump in
3vent rate on Figure 6-2 to more than 3,000 ft" /min at 888 hours. The

water release from the subcavity walls and floor decreased with time, as

did the associated hydrogen production, air purge, and vent. At 1,056

hours, the stainless steel was consumed and the associated hydrogen produc-

tion, air purge, and vent ceased. Thereafter, as shown in the bottom

curve of Figure 6-1, the hydrogen concentration was lowered by the accumulation

of water vapor released from the RCB floor, the H&V cooler room, cavity

and subcavity walls, and the subcavity floor.

Since temperatures, pressure, and other significant factors were de-

creasing or stable, the CACECO analyses of all cases stopped at the arbitrary

time of 1,632 hours, which is 68 days after the HCDA. At 1,632 hours for

Case 654, the RCB temperature was 203'F, as shown in the top curve of Figure
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6-1 , the pressure was atmospheric, as shown in the middle curve of Figure

6-1. and the hydrogen concentration was 1.7 percent, as shown in the

bottom curve of Figure 6-1. This RCB atmosphere had 7.7 percent oxygen
3 /min as water

and 61.6 percent water vapor. Its vent rate was 12-16 ft'

vapor continued to be driven out of the concrete of the cavity and subcavity.

The AYER code analysis of Case 654 started at 527 hours with the core

debris spilled onto the 346 ft 2cavity floor under the reactor vessel.

The initial conditions for the AYER analysis were arbitrarily set with the

fuel debris at its melting point (5160'F). A more realistic temperature

would have been that of molten steel (2600'F). Even with the conservative

assumption of molten fuel, the core debris, when spilled onto the 260'F

cavity floor, chilled quickly to about 1500'F, shown as the initial point

in Figure 6-3 at 527 hours. This debris subsequently heated and melted

into the firebrick, insulating brick, and basalt concrete of the cavity

floor, forming a molten concrete-pool. The pool size increased by melting

sideways and downward into the basalt concrete (melting point taken at

21000F) until, at 890 hours, the fuel-concrete pool had melted through 33

inches of the 39-inch-thick floor. The average pool temperature increased

during this phase to 2620'F, as shown in Figure 6-3. At 890 hours, the

cavity floor was assumed to collapse, spilling the fuel-concrete pool into

the subcavity.

The AYER analysis was restarted at 890 hours with the concrete-fuel

pool on the floor of the subcavity. The pool at 2620 0F, spilled onto the

123'F subcavity floor, chilled quickly to about 2580
0F, as shown in Figure

6-3 at 890 hours. The AYER analysis indicated a pool surface temperature

of 2100OF (nominal melting point of basalt concrete) after the stainless

steel had been consumed by the steel-water reaction. The average pool

temperature increased to a maximum of 3000OF at 2,000 hours (83 days) and

then decreased as the pool continued to grow. At 6,850 hours (285 days),

the average pool temperature had decreased to 23200F, as shown in Figure
3 Also at

6-3, when the pool volume attained its maximum size of 1,500 ft~

this time the pool reached its maximum penetration of about 7 feet below

6-8



5000 - I

4000 -

LL
0

4-)

rL2
E

3000-'

2000-

1500
-I 100 200 54t~0 t~ 8000400 ma xi mum1 10000I pool

Cavi ty Time, hours volI unie
floor fail

FIGURE 6-3. Average Pool Temperature Versus Time (CACECO Case 654 Continuation).

6-9



-- A,

the former surface of the subcavity floor. This penetration distance

would place the fuel-concrete debris at the bottom of the concrete base

under the containment vessel of the RCB, at elevation 467 feet.

6.1.2 Radiological Evaluation

The radiological evaluation is based on the rate of sodium oxide aerosol

formation and the RCB leak rate as determined in the foregoing CACECO cal-

culations. In addition to considering the noble gas release, the radio-

logical evaluation was based on the physical processes (suspension, de-

position, and release) which affect radioactive aerosols. Aerosol depletion

was computed with the HAA-3B code as described in Section 5. Figure 6-4

shows the RCB aerosol concentration vs. time due to the HCDA and the reactor

vessel sodium boilup. The initial concentration of -2 pg/cc was due to the

HCDA sodium spray into the head compartment as discussed in Section 5.

Further out in time, as the aerosol concentration increased, the suspended

fuel concentration decreased,, since sodium oxide was the only important in-

put to the RCB atmosphere. The aerosol concentration curve followed that

for the initial release for several hours, then increased to -20 Pg/cc as

sodium boilup from the vessel became significant. At 82 hours the RCB vented

and the aerosol concentration surged to 60 pg/cc due to sodium flashing.

The aerosol concentration returned to -30 pg/cc, and subsequently decreased

gradually to 15 pg/cc at 526.5 hours, when the reactor vessel boiled dry of

sodium. The aerosol concentration then dropped rapidly and was down to

.042 pg/cc at 550 hours.

COMRADEX calculated the release of radioactivity from containment and

then the potential doses resulting from the release. The integrated re-

leases are presented by group curves in Figure 6-5. The slope of the noble

gas curve increases at 25 hours as the increasing pressure causes an in-

creased RCB leak rate, then increases sharply at the 82 hours vent time;

all noble gases are exhausted from containment shortly thereafter. "All
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other isotopes" are chiefly solids, volatiles, and halogens; this curve

exh ibits much the same characteristics as the noble gas curve, except it

begins to level out at about 15 hours due to deposition and decay of the

solid material released in the initial HCDA puff phase. The continued rise

in the release of "all other isotopes" after the vent is due to release of

solids formed as daughters of the volatiles. Noble gases are also formed by

decay of volatiles but the effect is not apparent since the noble gas re-

lease curve is approximately three orders of magnitude higher. The release

of halogens is similar until after the vent, when it continues to rise as

halogens are released from the reactor until shortly after the reactor boils

dry. The volatile solids include the halogens. The volatile solids curve

is essentially parallel to the halogen curve except that between 0.2 and 6

hours the effect of the early release of cesium and rubidium, predicted by

Castleman, may be seen as an increase in the volatile solid curve relative

to the halogen curve.

Figure 6-6 shows the 30-day dose for various organs as a function of

distance from the containment vessel. The 30-day doses are almost identical

to the 68-day doses for this case. The site boundary is at 4-1/2 miles (7,242

in); it is significant that the whole-body, bone, and lung doses are very low.

The most significant dose is to the thyroid, and this dose is less than

half the guideline value of 10 CFR 100. Doses at other distances of

interest may be determined from this curve, e.g., the edge of the nearest

population center, Richland, is about 8 miles distant (13,000 in), where

the thyroid dose would be approximately 50 Rem. The shape of the whole-

body curve is explained by Figure 6-7; close to the vessel the direct

dose is the major component; at about 1/2 mile (803 m) the internal

component gains predominance. The external or cloud dose is never of

significance in this case.

Potential radioactivity release following the sodium boil-dry time was

considered, as discussed in Appenidx 0. It was concluded that releases in the

post-boil off period would not domi nate hypotheti cal acci dent consequences.
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6.2 Case 655

6.2.1 Containment Transients

The RCB conditions for Case 655 are shown in Figures 6-8 and 6-9.

Up to 384 hours, the interpretation of these Case 655 figures is identical

to that of Case 654 (Figures 6-1 and 6-2). During this time, the source

rate input from sodium oxide and fission products (and the resulting sus-

pended concentration of sodium oxide and fission products) were also similar

to those of Case 654. The curves which present these results are shown

in Appendix B.

At 384 hours, Case 655 departed from Case 654 in that the reactor vessel

support arms fail. This support arm failure dropped the reactor vessel into

the guard vessel and the reactor cavity floor, and was assumed to cause

failure of the vessels, so that 126,000 lbs of boiling sodium spilled into

the reactor cavity. The spill of sodium and associated core debris was

assumed to fail the floor liner under the reactor vessel, and the floor
2

liner failure permitted a reaction between the sodium-concrete over 1,190 ft'

of floor and wall area. The sodium-concrete reaction stopped in four hours

but the associated sodium-water reaction continued and produced hydrogen

which was controlled by the RCB air purge.

At the time of the sodium spill (384 hrs) the source rate input decreased,

as a result of the termination of sodium boiloff. This occurred because of

increased heat transfer to the structural materials. The suspended concen-

tration of sodium oxide and fission products was also reduced.

A characteristic of the Case 655 air purge following the vessel failure

at 384 hours was the cycle of hydrogen concentrations: rapid recombination

to zero percent, accumulation, air purge at the 4 percent limit, and rapid

recombination to zero again, repeatedly. These cycles were caused by the code

requirement for 11 percent oxygen concentration to initiate the hydrogen-oxygen
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(recombination) reaction. (12) These hydrogen recombination cycles caused

the irregular pattern of hydrogen concentrations shown in the bottom curve

of Figure 6-8. beginning at 384 hours, and the irregular vent rates shown

on Figure 6-9.

Hydrogen accumulated until 388 hours, when the air purge was renewed,

which increased the oxygen concentration so that the hydrogen recombined

again at 388-389 hours. Between 384 and 700 hours the hydrogen recombined

17 times , beginning with 3-hour cycles and ending with 44-hour cycles.

Heat losses into the walls and floor of the reactor cavity cooled the

boiling (1620'F) sodium spill to 1490'F. The sodium-concrete reaction re-

heated the sodium pool to 15490F at 388 hours. Then the pool cooled to its

minimum of 1170'F at 419 hours before reheating to 1289'F at the end of the

case at 1,632 hours. Sodium boiloff ceased effectively at 388 hours and the

RCB temperature dropped as shown in the top curve of Figure 6-8.

Between 700 and 1,200 hours, steam release from the cavity walls

contributed to the air purge in limiting the hydrogen concentration to 4

percent. The air purge ceased at about 1 ,200 hours and the steam release

diluted the hydrogen concentration to 3.4 percent at 1,632 hours as shown

at the bottom of Figure 6-8.

6.2.2 Radiolqg ical__Evaluation

Figures 6-10 and 6-11 present the "Release of Activity" and the "Dose
as a Function of Distance" curves for Case 655. The shape of these curves
is similar to those of Case 654 and the previous explanation for the be-

havior of the Case 654 is appropriate for Case 655 as well. The failure of

the reactor and guard vessels and the failure of the cavity liners added to

the resultant doses only slightly.
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6.3 Case 656

6.3.1 Containment Transients

Case 656 is similar to Case 654, but without natural hydrogen recombina-

tion. The RCB conditions for Case 656 are shown in Figure 6-12 and 6-13.

The interpretation of these figures is the same as for the corresponding

figures of Case 654. The main effect of omitting hydrogen recombination is

a small increase in purge rate which is best seen by inspection of the run

summary tables given in Appendix A. Similarly, the suspended concentration

curves for the two cases are similar. These curves are presented in

Appendix B.

6.3.2 Radiological Evaluation

The radioactivity releases and site boundary doses for Case 656 are

shown in Figure 6-14 and 6-15. These curves are also similar to those

of Case 654. Without hydrogen recombination, however, the radioactivity

release and consequent site boundary doses are somewhat higher during the

boiloff phase. Nevertheless, this case shows that the site boundary dose

would not exceed the 10 CFR 100 guidelines even if hydrogen recombination

did not occur.
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6.4 Case 6579
6.4.1 Containment Transients

Case 657 is similar to Case 654 except the RCB is assumed to be con-

tinuously cooled by space coolers rated at 1 .8 x 10 6 Btu/hr. The RCB con-
ditions for Case 657 are shown in Figure 6-16 and 6-17. The interpretation

of these figures is essentially the same as for the Case 654 figures.

However, note that Case 657 was vented at 91 hours from 7.9 psig to avoid

exceeding 4.0 percent hydrogen concentration at the end of the ventdown.

This hydrogen concentration occurred because all of the oxygen had been
burned out of the RCB atmosphere leaving none to compete with the water

vapor in the sodium reaction at ventdown.

The continuous RCB space cooling condensed the water vapor that escaped

through the sodium oxide-sodium hydroxide deposit on the RCB floor. This

condensation and removal by the cooler kept water vapor at low concentrations

throughout the sodium boiloff phase. The low water vapor concentration re-

duced the hydrogen production and need for air purge. As a result, at the

end of the sodium boiloff, Case 657 had vented 574,000 lbs of gas from the

RCB, only 60 percent of the 956,000 lbs of gas vented in Case 654. The

initial inventory of the RCB is about 102,000 lbs of air. Suspended

aerosol concentration data are given in Appendix B. Results are similar to

Case 654.

6.4.2 Radioloiical__Evaluation

The release and dose curves of Case 657 as shown in Figure 6-18 and

6-19, respectively, are basically similar to those of Case 654. The oscil-

lation shown on the volatile, halogen, and other curves immediately following

the RCB vent is due to the Simpson rule integration used by COMRADEX to

integrate the releases. This type of oscillation, often seen following a

vent, will be noticed in other cases also. Oscillations are damped at the

0
6-27



I

BUILDING ATMOSPHERE CONDITIONS
CA ; 657 CORE IN VESSEL, ,FUL.B.CO0LIR, H2+'02 REAC., VENT-PUR~GE

LL__ cD
U-)

W" t_1

rI

CD
CD -CE:Ln I

LiJ
q-
3- C:

CD -1

0.0 272.0 544.0 816.0 1088.0 1360.0 1632.0
C?

C-9
i 

I
(J-)
n

91 Ln
UF)
(F-
LL] '
fl
ni Q4LL ~~1~~~ -F-_ --- I

0.0 272.0 544.0 816.0 1088.0 1360.0 1632.0
U~]

TI

2
C-)

LiA

CD

0.0 272.0 544.0 816.0 1088.0 1360.0 1632.0

CACECO CASE 657 TIME, HOURS
12 NOV 76 1606 HRS

FIGURE 6-16. Case 657 - Building Atmosphere Conditions.

6-28



.BUILDING AVG. VENT RATE
CA1SE 657 CORE IN VESSEL, FUL.B.C0OLR,. H2+'02 REAC, VENT-PURGE

CD
CD
CD
C\)

I

CD
CD
to_

CDI
CD-
toD

DXICD
:D

L_- In
Q-DC
(T)

C'-

CDw CD
CD

cr- CD

zCD
I½

[_L H
CD
CD
Lf)C:) I

CD

C:)

CD -i I~~ I1~ I I I _1

0.0 272.0 544.0 816.0 1088.0 1360.0 1632.0

GA9CECO CASE 657 TIME, HOURS
12 NOV 76 1606 HRS

FIGURE 6-17. Case 657 - Building Avg. Vent Rate.

6-29



-I

aD
CD I I 1 1111 1ii 1 1 1 1 idi I I 1 1111 1ii 1 1 1 1 ii1l 1 I 1
1-4

N

CD

CD

CD

[LiJ

~-CD

(2DI LU)

-I a: I
Li C-4
n-~ CD

N
N

0

0 CD

-- f-

LEGEND
I r*
Cr o=ALL ACTIVITY

o = NOBLE GASSES Ifn-
CD * = HALOGENS

+ =ALL OTHER ISOTOPES
x =VOLATILE SOLIDS I

CAh
~2~i~i 111111111 151111111 I iiiiiiil I I [if 11 11 I 1 1 1111 11 It I I Iii111111

4
10' 10 10u 1 0 10' 1O0 110

IL TIME, HOURS

I

FIGURE 6-18. Case 657 - Activity Release Curves.

6-30



OD I I I 111111 p I I Iiii L.CD I I I I iiiil

LEGEND

C)) WHOLE BODY
BONE

N
CD THYROID

NEW LUNG
C)

N

N

C Nj
N

CD

C

N
0 &-E
I.-

C) D21
N

1'~ NN~

0 CD

*4q

CD
r...
I'.'

0
4.,'

CD

I-

CD. I I I I 111111 I I I I I III! I I 11111112 
4

U, 10' 10o 10" 10 10J
DISTANCE (METERS)

I-
0
-j
0.

I

FIGURE 6-19. Case 657 - Dose vs. Distance Curves.

6-31



fifth step of each time step bunch. Otherwise, results are similar to Case

654. As a result of the building coolers, there is a substantial reduction

in the dose from the volatiles. The apparent increase in bone and lung dose,

as shown in Table 2-2, is considered to be unrealistic, owing to a dis-

crepancy in data fitting which occurred in this run only. Since the doses

were already low it was not considered worthwhile to repeat the run.
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6..5 Case 658

6.5.1 Containment Transients

Case 658 arbitrarily assumed the RCB to fail at a pressure of 20 psi9
(twice the design pressure). The analysis assumed natural hydrogen recon-

bination and no operation of RCB H&V space coolers. There was no air purge
to limit hydrogen concentration in the RCB.

RCB conditions are shown in Figures 6-20 and 6-21. Sodium boiloff into

the RCB atmosphere began at about 20 hours. By 83 hours, sodium boiloff

had depleted the oxygen concentration below its flammable limit of 5 per-

cent (for hydrogen combustion). Later on, by 96 hours, hydrogen had accumu-

lated from the sodium-water vapor reaction, to its flammable limit of 4 per-

cent (for combustion in air). The sodium boiloff heated and pressurized

the RCB atmosphere. At 123 hours, as shown in Figure 6-20, the RCB was

heated to 6910F. pressurized to 20 psig, and hydrogen concentration was 17

percent. (The pressure spike to 20 psi was missed by the computer plotting

routine; summary tables in Appendix A show the pressure). Oxygen concentra-

tion was only 0.7 percent and water vapor concentration was 14 percent.

The RCB was vented at 123 hours to simulate overpressure failure. Vent-

down to atmosphere pressure was assumed to take one hour (to 124 hours).

This ventdown flashed 29,700 lbs of sodium out of the vessel into the RCB,

which consumed all oxygen and water vapor, and heated the atmosphere. The

ventdown is shown in Figure 6-20 by the sharp rise in temperature from 691'F

to 11400F, and by the sharp fall in pressure. The ventdown released 66 per-

cent of the RCB atmosphere to the outside at an average vent rate, off the
3scale of Figure 6-21 at 123-124 hours, of 53,000 ft' /min. This ventdown re-

sulted in an inert RCB atmosphere.
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The RCB cooled after its ventdown of 123-124 hours. There was no air

purge. Hydrogen accumulated to a peak of 83 percent at 220 hours from the

reaction between sodium boiloff and water release from the RCB floor. There-

after, hydrogen decreased as RCB cooling drew in outside air. The sodium

boiloff kept the RCB inert (essentially no oxygen or water vapor present)

until the reactor vessel boiled dry at 572.0 hours. At this time, as shown

on Figure 6-20, the RCB temperature was cooled to 5680F and hydrogen concen-

tration reduced to 10 percent.

After sodium boil-dry, core debris is assumed to melt out of the vessels.

In Case 658 from 572.9 hours to 936 hours, core debris was simulated by

setting the floor temperature at 2600'F, the melting point of steel . This

source heated the concrete floor, driving off water vapor which reacted with

the 114,000 lbs of stainless steel associated with the debris. At first,

water release and hydrogen production were very rapid, changing RCB hydrogen
Iconcentration from 10 percent at 573 hours to 98 percent at 840 hours.

After 840 hours, steam release from the RCB floor and from the H&V

cooler room diluted the RCB hydrogen. At 936 hours, the RCB had cooled

to 299'F and hydrogen concentration was reduced to 36 percent.

The reactor cavity floor was assumed to collapse at 936 hours and un-

reacted molten steel was transferred to the subcavity floor. The effect

of this new source of water is shown as the third peak on the Figure 6-20

hydrogen curve, where concentration peaks to 41 percent at 992 hours before

dilution by continuing steam release. The steel was consumed by about 1 ,080

hours, which terminated hydrogen production. At case end, 1,632 hours, the

RCB atmosphere was cooled to 212OF and the hydrogen concentration reduced

to 13 percent.

6.5.2 Radiological Evaluation

Figures 6-22 and 6-23 show the radioactivity releases and doses for

Case 658. Although basically similar to Case 654, other phenomena can be

noticed by a study of the activity release curves. The spike on the noble
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gas curve immediately following the building failure is the start of an

oscillation in one of the Xe133 chains, but since the inventory is exhausted

during the following time step, the Simpson integrator never compares with

the previous step. The release of noble gases affects only the external

(cloud) dose which is insignificant for this case and would not become

significant even if the spike were a real phenomenon and were added to the

integrated noble gas release. The increase in leak rate, following vessel

melt-through (573 hrs), is apparent when considering the volatile and

halogen release curves. This case exhibits the highest thyroid dose

of any case run; in general, the reason for this is that the oxygen was

depleted by blowdown upon building failure (and not replenished by an air

purge), the sodium vapor leaving the reactor/reactor cavity was not oxidized

and therefore was not assumed to precipitate. The fallout calculated by

HAA utilizes a sodium oxide source rate which was cut off with oxygen de-

pletion; the suspended concentration diminished and the fallout rate with it.

Actually, if a large quantity of sodium vapor is released to an atmosphere

which is cool enough to condense it -- in all probability it would rain sodium

(a fallout mechanism which HAA did not evaluate). The sodium iodide which

caused the thyroid dose would have been scavenged from the atmosphere rather

than having been released at 573 hours. Therefore, the thyroid dose at the

site boundary is substantially overestimated.
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6.6 Case 659

6.6.1 Containment Transients

Case 659 is an in-vessel case that used a 10 psig pressure relief valve

to prevent overpressurizing the RCB. This case was similar to Case 654 until

RCB pressure reached 10 psig. The RCB transients are shown in Figure 6-24.

The RCB pressure relief valve operated between 74 hours and 208 hours to

limit the RCB pressure to 10 psig. The required vent rates are shown in
3Figure 6-25; none were larger than 300 ft' /min. At 120 hours, the RCB

temperature peaked at 819'F. At 208 hours, the RCB temperature had decreased

to 7990F but the hydrogen concentration peaked at 69 percent. Thereafter,

RCB temperature and pressure generally decreased during the sodium boiloff.

At 314 hours, the hydrogen concentration started decreasing as the sodium

boiloff reacted to form sodium hydride. At 544 hours, the RCB had cooled

and depressurized. The reactor vessel boiled dry at 590.2 hours.

Case 659 had the 10 psig pressure relief valve which held in most of

the RCB atmosphere during the critical period of the sodium boiloff. As a

result, at the end of the sodium boiloff, Case 659 had vented 62,200 lbs

of gas from the RCB, only 6.5 percent of the 956,000 lbs of gas vented in

Case 654. The initial inventory of the RCB is about 102,000 lbs of air.

In Case 659 from 590.2 hours to 948 hours, the 2600OF source simulated

the molten core debris on the cavity floor. As in the previous cases, water

was driven off the concrete floor, reacting with the steel associated with

the core debris. The hydrogen production repressurized the RCB so that the

relief valve opened at 640 hours, and remained open thereafter to limit the

RCB pressure to 10 psig. The hydrogen production also changed the RCB atmos-

phere from 48 percent hydrogen at 590 hours to 98 percent hydrogen at 929

hours, as shown on Figure 6-24. Thereafter, the hydrogen was replaced by

steam. The reactor cavity floor was assumed to collapse at 948 hours and

the remaining molten steel transferred to the subcavity floor.
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The steel was consumed by about 1,120 hours, which terminated the

hydrogen production. At case end, 1,632 hours, the RCB atmosphere was

cooled to 2590F. the pressure was 9.6 psig, and the hydrogen concentration

was reduced to 25 percent.

6.6.2 Radiological Evaluation

Figures 6-26 and 6-27 present the activity releases and site boundary

doses for Case 659. Up to the time of the first vent this case is similar

to Case 654; however, here the venting was accomplished using a relief valve

which extended the vent over a period of time. The relief valve vented only

pressures above 10 psig. Maintaining a positive pressure within the con-

tainment increased the building leak rate but the overall discharge was

substantially reduced. The hydrogen was allowed to accumulate as the

oxygen had been depleted. The fallout is diminished as in Case 658, but in

Case 659 the lower leak rate is predominant and the doses due to the volatiles

are substantially reduced. Again, as in Case 658, the fallout rate dropped

sharply at about 125 hours, when the oxygen was exhausted, and releases

thereafter resulted in an overestimate of the thyroid dose.
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6.7 Case 675

6.7.1 Containment Transients

This case begins the series of descriptions of ex-vessel cases, where-
in the core debris of the HCDA melts through the bottoms of the reactor
vessel and guard vessel and, at 3 hours, spills onto the reactor cavity

floor. The sodium accompanies the core debris and forms a pool in the

cavity about 16-1/2 feet deep. Reactor cavity floor failure was predicted
to occur at about 1,000 hours (13) for ex-vessel cases. Effects of cavity

structural failures are included in Cases 683 and 688. The remaining ex-
vessel cases presented in this report, Cases 675, 677, 678, 681, and 682,
did not consider floor failure. Therefore, those cases are valid for the
first 1 ,000 hours of the analyses presented herein. These cases have been

included to provide a parametric assessment of a number of engineered

operating features.

Case 675 is an ex-vessel case without failure of the floor liner. The

RCB parameters for this Case 675 are shown in Figures 6-28 and 6-29. The
RCB was heated and pressurized by steam driven out of the cavity concrete

structures through the liner venting system. At 229 hours, as shown in
Figure 6-28, the RCB was heated to 1780F, pressurized to 10.0 psig, and

the hydrogen concentration was zero. The RCB was vented at this time to

prevent further pressurization. After the RCB ventdown, the steam

released from the cavity structures replaced the air atmosphere of the

RCB. At the end of the case, at 1,632 hours, the RCB atmosphere was 99

percent steam at 211'F. Essentially no hydrogen was formed.

The sodium pool in the reactor cavity never boiled. The mixed

spill temperature was about 11420F at 3 hours. Heat losses cooled the

pool to its minimum temperature of 1082'F at 8 hours. Thereafter it

heated slowly to its maximum of 14720F at 1 ,370 hours and then cooled to

14690F at the end of the case at 1,632 hours.
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This ex-vessel case with no cavity liner failure is a situation

t hat was analyzed before in HEDL-TC-76028, June 1976, as CACECO Case 536

with different results. The pertinent features of Case 675 are compared

to those of Case 536 in Table 6-1 below.

TABLE 6-1

Case 675 vs. Case 536

I tern Case 675 Case 536
Thermal conductivity of concrete

from 200OF to 16000F.
Btu/hr-ft-0F 0.87 to 0.46 0 .35

Sodium temperature at 312 hours, *F 1356 1620
Sodium losses from cavity by

1632 hours, lbs 605 2659634

Between Cases 536 (June 1976) and 675 (November 1976) the concrete properties
required for the CACECO analyses were the subject of library and experimental
studies that resulted in the values used in the present study. These new
values are discussed in Appendix A. As noted in Table 6-1, the values for
concrete thermal conductivity are higher than before. The higher thermal
conductivity increased the heat losses into the concrete cavity walls and
floor. The higher conductivity increased the heat losses enough so that
the sodium pool did not heat to boiling in the present study.

6.7.? Radiological Evaluation

Figure 6-30 shows the radioactivity release curves for Case 675. Most
of the sodium and the volatiles remained within the reactor cavity in Case
675. Thus, when venting and purging was necessary at 229 hours, only the
noble gas fraction was airborne in the containment building. Only minor
flashing of the sodium occurred when the RCB was vented. Released radio-
activity and consequently the doses shown in Figure 6-31 were thus very
small.
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6.8 Case 681

6.8.1 Containment Transients

Case 681 was set up to use ventdown and air purge to control the hydro-

gen concentration in the RCB. A cavity floor liner failure was assumed which
2

allowed the sodium-concrete reaction across 346 ftL of floor area. The

hydrogen source was the failed liner on the floor of the reactor cavity

that allowed the water, released by the concrete floor heating, to react

with the sodium poo1l. In this case, natural hydrogen recombination was

effective and the RCB H&V space coolers were inoperative. The sodium-concrete

reaction lasted 4 hours (from 3 to 7 hours) but the associated sodium-water

reaction continued. This latter reaction produced hydrogen which vented,

along with sodium vapor, into the RCB atmosphere. The sodium-hydrogen jet

reacted with the atmosphere to make sodium oxide and water (hydrogen recom-

bined with oxygen), until the oxygen was diluted. At 174 hours, the oxygen

concentration had been reduced to 11 percent and the hydrogen recombination

ceased. At 200 hours, as shown in Figure 6-32, the RCB was heated to 179'F,

pressurized to 9.4 psig and the hydrogen concentration was 0.4 percent.

The RCB was vented at 200 hours to prevent further pressurization.

This ventdown is shown in Figure 6-32 in the top curve by the small dip in

temperature from 179'F to 166'F; in the middle curve by the sharp fall in

pressure from 9.4 psig to zero; and in the bottom curve by the initial rise

in hydrogen concentration, from 0.4 percent to 0.9 percent. This ventdown

released 40 percent of the RCB atmosphere to the outside at an average
3vent rate, shown in Figure 6-33 at 200-201 hours, of 15,900 ft' /mi .

After the RCS ventdown at 200 hours, the steam release from the cavity

structures replaced the air atmosphere of the RCB. At the end of the case,

at 1,632 hours, the RCB atmosphere was 99.5 percent steam at 212'F.
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BUILDING ATMOSPHERE CONDITIONS
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BUILDING HVG. VENT FRHTE
CASE 881 3HR MELTHRU FAILS 346 FT2 LINER. H2+02 REACY PURGE
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The sodium pool in the reactor cavity never boiled. Further, the water

release into the sodium pool from the failed floor liner was not sufficient

to make enough hydrogen to require an air purge. The RCB hydrogen concen-

tration never exceeded 2.1 percent.

6.8.2 Radiological Evaluation

The radiological evaluation of Case 681 is quite similar to that of

Case 675 with the exception of the building vent at 200 hours. The result-

ing radioactivity release is shown in Figure 6-34. The fact that the sodium

never boiled reduced the concentration of suspended radioactivity release

considerably. All doses shown in Figure 6-35 are smaller than in Case 675.
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6.9 Case 677

6.9.1 Containment Transients

Case 677 is an ex-vessel case similar to Case 681 but without the natural

hydrogen recombination of the latter. Without natural hydrogen recombination,

the hydrogen accumulated from water released from the 346 ft2 failed liner

area. The RCB conditions for Case 677 are shown in Figure 6-36. The RCB

was vented at 42.2 hours in order to begin the air purge to limit hydrogen

concentration to 4 percent. This ventdown released 26 percent of the RCB

atmosphere to the outside at an average vent rate, shown in Figure 6-37 at
342- 43 hours , of 10, 000 f t' 1mi .

As in Case 681, the sodium pool in the reactor cavity never boiled.

At the end of the case, at 1,632 hours, the RCB atmosphere was 98 percent

steam at 222'F.

6.9.2 Radiological Evaluations

In Case 677, the fact that the natural recombination of hydrogen was

not included in the CACECO model required that the building would be vented

and purged at 42 hours. At that time, the suspended concentration of soditlv

oxide and fission products from the initial expulsion was still relatively

high. Resulting activity release curves are shown in Figure 6-38. The bone

and lung doses (Figure 6-39) were therefore the highest of any case run.

As in Case 675, the thyroid dose was quite low because the sodium in the

reactor cavity never boiled dry and, as a result of the Castleman release

model , the iodine would be released toward the conclusion of the sodium

release.
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TBUJ I LDING ATMOSPHERE CONDITIONS
CASE 677 3HR MELTHRU, C.LNER FAIL, NO B.CLR, NO H2+0-2, PURGE
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BUILDiING~ AVG. VENT RATE
CASE 677 3HR MELTHRUY C.LNER FAIL, NO B.CLR, NO H2+'02, PURGE
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6.10 Case 678

6.10.1 Containment Transients

Case 678 arbitrarily failed the RCB at a pressure of 20 psig. The

analysis assumed natural hydrogen recombination, and no credit for RCB H&V

space coolers. There was no air purge to limit hydrogen concentration in
2the RCB. A failed floor liner area of 346 ftL was assumed.

The RCB conditions for Case 678 are shown in Figure 6-40. The steam

release from the cavity structures heated and pressurized the RCB. This

steam release diluted the hydrogen accumulation and kept its concentration

at about 2.2 percent. At 960 hours, the RCB was heated to 219'F, pres-

surized to 20 psig and the hydrogen concentration was 2.2 percent. The

RCB was vented at 960 hours to simulate the overpressure failure. The vent-

down is shown in Figure 6-40: by the sharp dip in temperature from 219'F

to 1870F; by the sharp fall in pressure from 20 psig to zero; and by the

sharp rise in hydrogen concentration from 2.2 percent to 2.7 percent. The

ventdown, off the scale of Figure 6-41 at 960-961 hours, released 40,000
3ft~ /m in.

In Case 678, the sodium poo1 in the reactor cavity never boiled. After

the RCB ventdown at 960 hours, the steam release from the cavity structures

replaced the air atmosphere of the RCB. At the end of the case, at 1,632

hours, the RCB atmosphere was 98 percent steam at 2170F.

6.10.2 Radiological Evaluation

Case 678 is similar to Case 675 as far as the radiological evaluation

is concerned, except that as pointed out above, the RCB is closed until

it reaches twice the design pressure at 960 hours.

Figure 6-42 presents the radioactivity release curves. Oxygen was not

depleted in this case, so unlike cases 658 and 659, fallout continued past
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the time of building failure. However, there was little sodium evaporation

during that period.

The fallout and decay of sodium and fission products reduced the air-

borne radioactivity in the containment vessel . so that releases which

occurred as a result of the postulated building failure were very small.

There was no air purge to sweep out the radioactivity following this time,

so calculated doses were low. Thirty day dose vs. distance curves would

not have shown the ultimate doses which were increased by the building

failure at 40 days. Consequently, Figure 6-43 presents 68-day doses.
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6.1.1 Case 682

6.11 .1 ContainmentTransients

Case 682 is an ex-vessel case similar to Case 681 but the assumed

cavity floor liner failure allowed the sodium-concrete reaction across 1,402
2

ft of floor and wall area. The RCB conditions for Case 682 are shown in

Figure 6-44. At 55.1 hours the RCB was heated to 182'F and pressurized to

6.4 psig. The RCB was vented at 55.1 hours in order to begin the air purge

to limit the hydrogen concentration to 4 percent. This ventdown released
312,800 ft" /min as shown in Figure 6-45.

A characteristic of the Case 682 air purge following the RCB ventdown

at 55.1 hours was the cycle of hydrogen concentrations: flash recombination

to zero percent, accumulation, air purge at 4 percent limit and flash to

zero again, repeatedly. These hydrogen flash recombination cycles heated

the RCB as shown in Figure 6-44 and caused the irregular pattern of hydrogen

concentrations and the irregular vent rates shown on Figure 6-45. These

cycles were initiated by the code requirement for 11 percent oxygen

concentration to initiate the hydrogen-oxygen (recombination) reaction.

In Case 682, the sodium pool in the reactor cavity never boiled. After

the air purge stopped at 712 hours, the steam release from the cavity struc-

tures replaced the air atmosphere of the RCB. At the end of the case, at

1 ,632 hours, the RCB atmosphere was 96 percent steam at 2260 F.

6.11.2 Radiological Evaluations

The radioactivity release curves for this case are shown in Figure

6-46, and resultant doses at the site boundary are provided in Figure 6-47.

This case is similar to Case 681 except that fission product release

proceeds for some time after the vent. Half of the noble gases are released

during the vent. The rest are released during the first several hours of
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purging. The continued evaporation from the cavity during the air purge

caused the ramp between 55 and 384 hours on the volatile solids, halogens

and the "all other isotopes" curves. "All other isotopes" are released

during this period due to formation of isotopes in this group as a

result of the decay of volatiles.
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6.12 Case 683

6.12.1 Containment Transients

Case 683 is identical to Case 682 up to 384 hours. The RCB conditions

for Case 683 shown in Figures 6-48 and 6-49 are identical to the Case 682

figures up to 384 hours. At 384 hours the Case 683 departed from Case 682

by postulating collapse of the reactor cavity floor. At this time the

sodiu po in the cavity was at 1475OF and, with 475,000 lbs of sodium,

was about 13.3 feet deep. The floor collapse filled the subcavity with

sodium so that the new pool surface was only about 9 feet above the previous
2

floor level. At that time, 1,392 ft~ of bare concrete was exposed to sodium

attack. The sodium-concrete reactions and the attendant sodium-water

reactions heated the sodium to boiling in 7 hours (by 391 hours). By 428.7

hours the sodium in the cavity-subcavity had boiled dry; some 33 percent

(203,900 lbs) had evaporated-boiled into RCB, 26 percent (162,800 lbs) had

reacted with the water release to form sodium oxide in the cavity and sub-

cavity and 41 percent (253,000 lbs) had reacted with the concrete.

The cavity boilup period from 384 to 428.7 hours resulted in a steep

rise in RCB temperature from 291'F to 1461'F. The air purge and recombination

had limited the hydrogen concentration to 4 percent during this period as

shown in the bottom curve of Figure 6-48. Associated air purge and vent

rates peaked at 19,100 ft 3/min as shown in Figure 6-49. At the end of the
3boiloff, the vent rate dropped to about 2,800 ft' /m in.

The ex-vessel case scenario assumed, following boil-dry time, that the

core debris would melt onto the subcavity floor forming a pool of molten

fuel and concrete. The transient temperatures and final disposition of

the core debris was the subject of AYER code analysis which is discussed

later.
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The CACECO code analysis was continued past this boil-dry time in order

to predict the RCB conditions that follow. This CACECO analysis assumed a

pool of molten stainless steel at 2600*F on the floor of the subcavity,as in

previous cases.

This source heated the concrete walls and floor, driving off water vapor

which reacted with the 114,000 lbs of stainless steel associated with the

debris. At first the water release rate and hydrogen production rate were

rapid and the required air purge was reflected in Figure 6-49 by the sharp

jump in vent rate to more than 6,000 ft 3 min. The cessation of the sodium

boiloff permitted the RCB to cool off as shown in the top curve of Figure

6-48 by the temperature decrease following 428 hours. The water release from

the subcavity decreased with time and,at 770 hours, the stainless steel

was consumed and the associated hydrogen production, air purge and vent

ceased. Thereafter, as shown in the bottom curve of Figure 6-48, the

hydrogen concentration was diluted by the water vapor released from the

RCB floor, the H&V cooler room, the cavity and subcavity walls, and the

subcavity floor. At the end of the case, at 1,632 hours, the RCB atmosphere

was 89 percent steam at 2380F.

The AVER code analysis of Case 683 started at 429 hours with the core

debris on the 346 ft 2subcavity floor buried under 5.5 feet of concrete

debris from the cavity floor and subcavity walls. The initial conditions

for the AVER analysis were arbitrarily set with the fuel debris at its

melting point (5160*F). A more realistic temperature would have been that

of molten steel (2600'F). Even with the conservative assumption of molten

fuel, the core debris, when spilled onto the 1610'F subcavity floor, cooled

quickly to 31900F, as shown in Figure 6-50, at 430 hours. This fuel sub-

sequently heated and melted into the basalt concrete above and below it,

forming a molten fuel-concrete pool. The pool size increased by melting

upward, sideways and downward into the basalt concrete (melting point taken

at 2100'F) until the pool reached the surface at 750 hours. Prior to this

time the heat loss from the molten-fuel-concrete pool was limited by the
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covering of concrete debris. After the pool broke through, 75 percent of
the decay power was assumed to be dissipated from the surface.

The average molten fuel-concrete pool temperature, shown in Figure

6-50 increased to a maximum of 4400OF at 1,200 hours (50 days) and then

decreased as the molten fuel-concrete pool continued to grow. At 6,220

hours (254 days), the average pool temperature had decreased to 2790OF

when the pool volume attained its maximum size of 8,150 ft. Also at this

time the pool reached its maximum penetration of about 13 feet below the

former surface of the subcavity floor.

6.12.2 Radiological Evaluations

Figures 6-51 and 6-52 show the radioactivity release from containment
and the 30 day doses for Case 683. Up to the time of floor failure this

case is quite similar to Case 682. At 384 hours the assumed failure of the

cavity floor causes a sudden boilup and release of the remaining volatiles,

mostly 1-131. It will be noticed that doses attributed to this case are

lower than any of the in-vessel purged cases. This is because decay and

fallout had more opportunity to reduce the quantity of material re-

leased.

Potential radioactivity release following the sodium boil-dry time

was considered, as discussed in Appendix D. It was concluded that releases

in the post-boiloff period would not dominate hypothetical accident conse-

quences.
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6.13 Case 688

6.13.1 Containment Transients

In Case 688 the RCB was arbitrarily assumed to fail at a pressure of

20 psig (twice the design pressure). The analysis assumed natural recoin-

bination, without benefit of RCB H&V space coolers. There was no air

purge to limit the hydrogen concentration in the RCB. A cavity floor liner

failure area of 346 ft 2was assumed. Case 688 is identical to Case 678 up

to 1,008 hours. At 150 hours the hydrogen recombination in the RCB stopped

and at 960 hours the RCB was vented to simulate the overpressure failure.

The RCB conditions for Case 688 are shown in Figures 6-53 and 6-54.

Up to 1,008 hours, the interpretation of these Case 688 figures is identical

to the comparable Case 678 figures. At 1,008 hours Case 688 departed from

Case 678 by incorporating the calculated collapse of the reactor cavity

floor. At this time the sodium pool in the cavity was 1474'F and, with

589,200 lbs of sodium, was about 15.5 feet deep. The floor collapse spilled

core debris and sodium into the subcavity and resulted in a new pool sur-

face about 11 feet above the previous floor level (the surface dropped

about 4.5 feet) and exposed 1,392 ft 2of bare concrete to sodium attack.

The sodium-concrete reactions and the attendant sodium-water reactions

heated the sodium to boiling in 3 hours (by 1,011 hours). By 1,062.4

hours the sodium in the cavity-subcavity had boiled dry; some 42 percent

(247,800 lbs) had evaporated-boiled into the RCB, 5 percent (31 ,400 lbs)

had reacted with the water release to form sodium oxide in the cavity and

subcavity and 53 percent (309,900 lbs) had reacted with the concrete.

This cavity boilup period from 1,008 to 1,062.4 hours is shown in the

top curve of Figure 6-53 by the steep rise in RCB temperature from 201OF

to 1204*F and in the bottom curve of Figure 6-53 by the steep rise in

hydrogen concentration from 1.4 percent to 99.7 percent. This surge in

hydrogen production had two sources: the 80 percent steam atmosphere in the

RCB just before the floor collapse and the water release from the bare
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concrete in the subcavity just after the collapse. The peaks in the RCB

vent rate shown on Figure 6-54 occur at 960 hours at ventdown and again

during the boiloff period after floor failure.

In Case 683 the floor was postulated to collapse at 384 hours, when the

subcavity had heated to 245'F; some 26 percent of the sodium reacted with

the water release from the bare concrete and the boiloff period lasted 44.7

hours. In comparison, in Case 688 the floor collapsed at 1,008 hours when

the subcavity had heated to 335'F. Thus, the delay permits greater dehydra-

tion of subcavity concrete, so that only 5 percent of the sodium reacted

with the water release from the bare concrete and the boiloff period was

extended to 54.4 hours.

In Case 688 from 1,008 hours to the end, the 2600'F source simulated,

in CACECO, the molten core debris on the subcavity floor. This source

heated the concrete walls and floor, driving off water vapor which reacted

with the 114,000 lbs of stainless steel associated with the debris. The

heat soaked through cavity and subcavity walls into the H&V cooler room

and boiled the condensate pool. The cessation of the sodium boiloff per-

mitted the RCB to cool off as shown in the top curve of Figure 6-53 by the

temperature decrease following 1,062 hours. Water release from the cavity

walls and the boilup from the H&V cooler room diluted the hydrogen in the

RCB, although this dilution was lessened by the hydrogen production in the

subcavity. The hydrogen concentration shown in the bottom curve of Figure

6-53 dropped to a minimum of 16 percent at 1,201 hours and then increased.

The steel was consumed by about 1,620 hours, which terminated the hydrogen

production.

At case end, 1,632 hours, the RCB atmosphere was cooled to 250'F and

the hydrogen concentration diluted to 32 percent.
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6.13.2 Radiological Evaluation

Case 688 is similar to Case 678 until 1,008 hours, when the reactor

cavity floor fails; this can be seen from the radioactivity release curves

in Figure 6-55. The building vented at 960 hours and the cavity floor failed

at 1,008 hours; the 48-hour time differential is lost in the CONRADEX time

step size, so only one step change is seen. TRIMIT has integrated all points

under the leak rate curve, so that no leakage has been overlooked. The ex-

pulsion of noble gases is the same as for Case 678, but the concentrations

of the volatiles that are airborne due to vigorous reaction in the

reactor subcavity are increased two orders of magnitude. The solids

(all other isotopes), which are daughters of the volatiles, are increased

by about a factor of 30. The dose distance curve (Figure 6-56) is for

68 days,, to reflect the increases which occurred during building failure.

Like Case 658, rainout was neglected, but the effect upon the already

small thyroid dose would be negligible.
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6.14 Effect of Filtration on Release and Doses

A further variation in the analyses was introduced to determine the

effect of filtering the containment building vent and purge exhausts. The

building leakage cannot be collected, thus cannot be filtered. It was as-

sumed that filtration began at the time of vent and continued throughout the

remainder of the run. The "F" suffix on the Case number denotes filtration.

Cases 658, 678, and 688 assume that the building fails at twice design

pressure, so filtration is not applicable. In all cases, the portions of

the release curves prior to the vent time are identical to their nonfiltered

counterparts. A typical example is shown in Figure 6-57. At the time of

vent, the effluent is assumed to pass through a filtration system which

removes 99.0 percent of the particulates. The halogens were assumed to

exist as halides of sodium and, therefore, were assumed to be equally sub-

ject to filtering. The rise in the curves for halogens, volatile solids,

and "all other isotopes" was reduced two orders of magnitude. Since no

filtration efficiency was assumed, the noble gas curve continued to be the

same as for the nonfiltered cases. (Case 659 was an exception; since the

relief valve maintained a relatively constant pressure of 10 psi within

the building following the initial relief, a finite leakage from the building

did not pass through the filters. It was estimated that this bypass leakage

would not exceed 2 percent of the exhaust flow, so the filter efficiency

was reduced accordingly to 97 percent). Figure 6-58 shows a dose distance

curve as an example of a filtered case. The remainder of the activity

release curves and the dose vs. distance curves for the filtered cases are

provided in Appendix B-3.
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APPENDIX A

CALCULATION BASESFOR CONTAINMENT CONDITIONS

The CACECO code analysis of the containment conditions considers postu-

lated phenomena related to the post-accident heat removal events. These

phenomena, including heating by isotope decay, concrete properties, chemical

reactions, and heat adsorption in structures, are described in detail in

this appendix.

These calculational details are followed by the case summaries for each

of the 13 cases and then by the figures for each case. The contents of this

appendix follow.

Contents of Appendix A

Secti on Title

HCDA Release into the Reactor Building

Total Fission Product Decay Power
IV

Sodium Radioactivity

Concrete Data
V

Chemical Reactions of Sodium
VI

Hydrogen Recombination
VII

Heat Transfer Models
VIII

Mass Transfer (Leakage) Models
III

References
X

Case Summaries
XI

Case Figures

I. HCDA Release into the Reactor Building

The HCDA scenario of phenomena include the following nonmechanistic re-

leases through the reactor head into the atmosphere of the head compartment-

reactor containment building (RCB):

(1) 300 lbs of sodium at 1050OF

(2) 1 percent of the core fuel
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(3) 1 percent of core fission products

(4) 100 percent of the noble gas fission products from the core.

This CACECO analysis covered the immediate effects of the foregoing re-

leases which heat the RCB atmosphere to 214'F. These effects fade, and by

3 hours the atmosphere is at 980F. Thereafter, radioactive decay of this ini-

tial release contributes to the heating of the RCB atmosphere. This calcu-

lation was made to establish structural temperatures. Initial conditions

for the radiological evaluation were computed as described in Section 5.

II. Total Fission Product Decay Power

The total fission product decay power assumes operation at 400 MW(t)

to attain an "equilibrium core" prior to the HCDA. In this study, this core

fission product decay power is supplemented by the decay powers of other

fuel in storage, heavy metal (plutonium and uranium) and hardware of the

vessel and core. These items are listed in Table A-1 with their power con-

tribution at 24 hours.

The fuel storage locations, the HCDA release (of Section I) and the

volatile solids fission products that follow sodium boiloff result in these

four groups of decay power contributors being divided into three analysis

groups. These analysis groups are listed in Table A-2 with their power

contributions at 24 hours.

Thus at 24 hours, some 16.6 percent of the decay power could be in the

vessel and cavity or in the building, according to the location of the

6.2 x 10 5 lbs of sodium inventory of the study The analysis of each case

tracked this sodium inventory in the vessel, the cavity, and the building.

The decay power contributors and groups from the HCDA time to 100 days are

listed in Table A-3.

The analysis situation at the beginning of each case had the sodium

inventory split with 2.9 x 10 5lbs in the upper vessel (above the thermal

baffle) and 3.3 x 10 5lbs in the combined middle and lower vessels. Fur-

ther, the assumption was made that the HCDA distributed the core debris and

associated decay power as 1 percent into the building, 9/10 of the remainder
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TABLE A-1

DECAY POWER CONTRIBUTORS

Decay Power Decay Power
Decay Power Group kW ~~Fraction

A . Reactor Core with 1/3 run 300 days,
1/3 run 200 and 1/3 run 100 days:

Fission Products 1,782 kW 0.8434

Heavy Metals 24.7 0.0117
Fuel Hardware 15.8 0.0075

B. Other hardware in vessel such as
reflectors, inner shields, core
restraint modules, core basket,
outer shields, etc. 132.3 0.0626

C. In-Vessel Storage with 1/3 core run
300 days and decayed 100 days:

Fission Products 49.2 0.0233
Heavy Metals 8.2 0.0039
Fuel Hardware 5.3 0.0025

D. Intermediate Decay Storage in RCB 94.8 0.0449

TOTAL 2, 113 1 .0000
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TABLE A-2

DECAY POWER GROUPS

Decay Power Decay Power
Analysis Group kW Fraction

I. Remains in reactor vessel and cavity:

99% of core materials and of most 1,9399.6 0.6624
fission products
Other Hardware in Vessel 132.3 0.06 26
In-Vessel Storage 62.7 0.0297

TOTAL 1 9594.6 0.7547

I. Volatile Solids that follow the 350.3 0.1658
sodium (As, Br, Cd, Cs, I, Rb, and Se)

III. Always in RCB after HCDA:
Intermediate Decay Storage 94.8 0.0449
1% of Core Fission Products and 18.2 0.0086
Materials
100% of Noble Gas Fission Products 54.9 0.0 260

TOTAL 167.9 0.0795
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in the upper vessel and 1/10th in the middle and lower vessel. With the

further assumption that no sodium had boiled from the vessels by 24 hours,

the appropriate split of decay power among the analysis cells would be as

follows:

CellI Group Decay Power Fraction

Cell A, Upper Vessel with 0.745
2.9 x 105 lbs of sodium

Cell D. Combined middle plus lower 0.175
vessels with 3.3 x 105 lbs sodium

Cell C, Reactor Containment Building 0.080

The analysis situation during each case either combined the upper,

middle and lower vessels into the reactor vessel or else, because of as-

sumed melt through of the vessel, spilled the sodium and associated core

debris into the cavity. With the assumption that no sodium had boiled

from the vessel and cavity by 24 hours, the appropriate split of decay

power among the analysis cells would be as follows:

Cell Group Decay Power Fraction

Cell A, Reactor Vessel or Cavity 0.920
with 6.2 x 105 lbs of sodium

Cell C, Reactor Containment Building 0.080

III. Sodium Radioactivity

The decay of Na-24 activity in the sodium inventory adds heat to vessel,

cavity and building according to the location of this sodium and its chemi-

cal reaction products; sodium hydride, sodium hydroxide and sodium oxide.

The initial activity was taken to be 9.7 millicuries per cubic centimeter,

equivalent to 0.434 Btu/hr-lb of sodium. This activity decayed with a 15

hour half-life.

IV. Concrete Data

Two main concretes have been used in the FFTF facility. These are

identified according to their aggregate and fines as being basalt or magne-

tite. Typical compositions of these concretes are summarized in Table A-4.
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TABLEA-4

FFTF CONCRETE MIXES

I tem Basal t Magneti te

3/4 in aggregate, lb/cu yd 1,s804.0 2,935.0
Fines, lb/cu yd 1 ,471 .0 2,180.0
Cement, lb/cu yd 494.0 635.0
Pozzilith and other agents, lb/cu yd 1.88 1.5
Water, lb/cu yd 246.0 318.0
Density, lb/ft 3 148.8 224.8
Water content, lb/ft 3  9.11 11.78

The roof, walls and outer floor of the reactor cavity are composed of

magnetite concrete; much of the floor of the reactor building, particularly

over the HTS and CL cells and pipeways is composed of magnetite. The top

part of the wall of the subcavity is composed of magnetite as are some 43%

of the roof, walls and floor of the H&V cooler equipment room. This identi-

fication of the locations of magnetite concrete is important because it has

the higher volumetric heat capacity, the higher water content, and the higher

energy release in th e sodium-concrete reaction. The analysis models of the

roof, wall, and floor structures referred to magnetite or basalt concrete

according to the conservative use of heat capacity and sodium-concrete

reaction energy. Accordingly, it was conservative to assume the water con-

tent of magnetite concrete for all of the concrete.

The thermal properties of the concrete were based on the data reported

by Harmathy and Allen. (Al1) These data show that concrete heat capacity

increases linearly from about 0.21 Btu/lb-0F at 50OF to 0.26 at 400OF and

0.40 at 16000F. Much of the FFTF concrete is subjected to heating through

this same temperature range, so that a data correlation temperature of 400OF

is reasonable. The thermal conductivity and volumetric heat capacity for

the two concretes are listed in Table A-5.
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TABLE A-5

CONCRETE THERMAL PROPERTIES

Basalt Magneti te
Thermal Heat Heat

Tempe rature Conducti vi ty Capacity Capacity
Btu/hr-ft-0F Btu/ft3-0F Btu/ft3-0F

50 0.99 38.7 58.5
200 0.87 38.7 58.5
400 0.72 38. 7 58.5

1000 0.52 38. 7 58.5

1600 0.46 38.7 58.5
2000 0.23 38. 7 58.5

These concretes will release water when heated in an atmosphere not

already saturated with water vapor. Generally, all of the FFTF concrete

will release water when heated. However, in this analysis, the concrete

in the roof, walls, and floor of the H&V cooler room did not release water

because these concrete surfaces are heated by condensing water vapor re-

leased from the concrete of the cavity and subcavity. The amounts of water

released upon heating the basalt and magnetite concrete have been measured

by McCormack, et al. (A-2) The measurements have been correlated with the

assumption that the water release is a function of temperature and inde-

pendent of the composition of the concrete. The water release requires

energy similar to the latent heat of water.

In the CACECO code analysis of this water release, the energy required

is input as a heat capacity term which is added to the fixed heat capacity

of Table A-S. The water release and associated heat capacity term are

listed in Table A-6.

The CACECO code analysis of concrete water release has the assumption

that the only significant resistance to water release is the conduction

heating of the concrete. The code treats the conduction heating (and cooling)

of heat structures, such as concrete roofs, walls, and floors, by solving
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TABLE A-6

CONCRETE-WATER RELEASE

Temperature Water Release Heat Capaci ty Term
lb water/ft 3  Btu/ft3-0F

50 0.00
0.0

192 0.00
17.0

214 0.35
78.9

276 4.68
78.9

300 6.58
16.7

400 8.07
4.4

500 8.45
4.4

750 9.36
10.8

830 10.03
3.6

1500 11 .70
0.0

2000 11.70
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one-dimensional, multilayer, transient heat conduction equations, one

equation for each structure. In these equations for concrete structures,

the code uses the temperature-dependent thermal conductivity listed in

Table A-5. Also, during the first heating, the code adds the temperature-

dependent heat capacity term of the water release to the concrete heat

capacity. The code keeps track of the maximum temperature ever attained at

each temperature node in the structures and, for concrete structures, uses

this maximum temperature to look up the water release.

In effect, the code calculates the water release throughout the con-

crete thickness and, without delay for vapor diffusion, releases the water

vapor at the concrete surface temperature.

Code input can direct the disposition of the released water vapor from

the concrete. In all cases, the water released from the concrete of the

building floor was directed into the building atmosphere. In most situations,

the disposition of the water released from the concrete of the cavity followed

the design of the cavity liner vent system and directed the water vapor into

the adjacent H&V cooler room. Likewise, the disposition of the water re-

leased from the subcavity followed its vent and directed the water vapor

into the adjacent H&V cooler room. The exceptions for the cavity and sub-

cavity involved failures of the floor liner in the cavity and failure of

the floor itself, which is the roof of the subcavity. In these failure

situations, water released from the concrete associated with the failed

liner and/or from the whole subcavity was directed into the sodium pool

that covered or flooded the concrete surfaces. Once the sodium had been

consumed, either by boilaway or by chemical reaction, this water release
5

was directed into a steel-water reaction that consumed the 1.14 x 10~ lbs

of stainless steel associated with the core debris.

The failure of the cavity floor liner and the failure of the floor it-

self subjected some of the concrete to the sodium-concrete reaction. The

scientific description of the sodium-concrete reaction depends upon the

kind of concrete and its previous history. The code description of this
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reaction is nonmechanistic. The code input used heats of reaction obtained

by Witkowski, et ai.,(A-3) by differential thermal analysis (DTA) and the

results are shown in Table A-7.

TABLE A-7

SODIUM-CONCRETE REACTION ENERGIES

Experimental
DTA Data CACECO Input

Reacti on Btu/lb Concrete Btu/ft3 Concrete

Sodi um-magneti te concrete 900 2 . OE+5
Sodium-basalt concrete 242 + 100% 7. 3E+4

The rates of these sodium-concrete reactions were conservative estimates
based on small-scale tests reported by Hassburger, eal,(a-4) adsm

marized in Table A-8.

TABLE A-8

SODIUM-CONCRETE REACTION RATES

Rates Experimental Used in CACECO

Bare Magneti te 1 inch/hour 1 inch/hour
Lined Magnetite Ca. 1/3* 1/2 *

Bare Basalt 112 112
Lined Basalt 1/2 *

*Total reaction 1 inch in boiling sodium.

**Limited to 2 inch reaction.

The cavity floor center is lined basalt concrete. The cavity floor

perimeter (outer floor) and lower wall are lined magnetite concrete. In

the analysis, when these liners failed, a reaction rate of 1/2 inch/hour

was used for both basalt and-magnetite concrete to obtain a common depth

of concrete reaction of 2 inches behind the failed liner. That is, these
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sodium-concrete reactions lasted for 4 hours and then stopped. The sodium-

water reaction, however, was assumed to continue as the concrete continues

to dehydrate.

When the cavity floor failed (Cases 683 and 688), the sodium attacked

the bare concrete of the subcavity and under side of the cavity floor. The

reaction rate for magnetite was taken as 1 inch/hour and for basalt as

1/2 inch/hour for as long as there was sodium to react. The sodium con-

sumption in these sodium-concrete reactions was not calculated by the code.

Instead, it was calculated by hand using consumption rates of 126.4 lbs

Na/ft 3for magnetite concrete and 36.3 lbs Na/ft 3 for basalt concrete. The

consumption rates are independent of the sodium boilaway and of the con-

sumption by the sodium-water reaction; these are calculated by the code.

V. Chemical Reactions of Sodium

The code analysis for chemical reactions follows the sequence outlined

below:

1. Sodium pool reactions with concrete are first. These reactions with

basalt and magnetite concrete occur in the cavity when the steel floor liner

fails and in the subcavity when the cavity floor, itself, fails. The code

modeling of these reactions was described in Section IV. They have the

following energy release:

Pool Reaction Energy Release (Btu/lb Na)

Sodium-Basalt Concrete 2,005

Sodium-Magnetite Concrete 1 9600

2. Sodium pool reactions with carbon dioxide and water vapor are second.

The carbon dioxide would be released from heating concrete if limestone had

been used instead of basalt and magnetite in the FFTF concrete. Water vapor

is released upon heating concrete (basalt, limestone and magnetite). When

carbon dioxide and/or water vapor react with the sodium pool, the situation

assumed has the concrete submerged by the sodium pool so that carbon dioxide

and/or water vapor, released by the concrete heating, bubble up through the

pool. The code has the following reactions:
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Pool Reaction Energy Release (Btu/lb_ N a)

0n+ CU 2 ~' 1 ,9884Na + CO, --0- 2Na,2

112 ~2Na + Ho 12

The sodium reacts with carbon dioxide and water according to their

molar ratios and until either the sodium or the carbon dioxide-water vapor

is used up.

3. A special version of the CACECO code included the reaction between

stainless steel and water vapor, once the sodium pool had disappeared by

boiloff and chemical reaction. The stainless steel was associated with

the molten core debris and came from the following sources:

73 Fuel Assemblies 21,500 l bs

Core Support Plate 11,400

Lower Core Support Dome 11,300

Reactor Vessel and Guard 70,000

Tank Bottoms

Total 114,000 lbs

This stainless steel was assumed to have 19 percent chromium, 9 percent

nickel and 72 percent iron. Only the chromium and iron reacted with the

water vapor.

Stainless Steel Reaction Energy Release

0l -*0-- Fe 0 + 4H- 276.1 Btu/lb stainless steel3He + 4HO -3 - 22 LI 4

0 + 3H412 LI 313.72Cr + 3H4 3 "2

The 114,000 lbs of stainless steel consumed 46,560 lbs of water vapor

and produced 5,210 lbs of hydrogen. The water in the cavity floor (830 ft 2
area and 32 inches thick) is enough to react with only 43 percent of this

stainless steel.

4. Water vapor reacts with sodium oxide next. The situation occurs in

both the reactor building and in the subcavity. The situation in the reactor
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building occurs with the accumulation of a sodium oxide deposit on the con-

crete floor. The sodium oxide comes from atmospheric reactions (described

below) with the sodium boiled up out of the reactor vessel-cavity. These

atmospheric reactions heat the building floor and cause the release of water

vapor which must pass through the oxide deposit to get into the atmosphere.

The code has-the following reaction:

Dep osit Reaction Energy Release

H- 0+ Na 0 -*o- 2 NaOH 1,500 Btu/lb Na12 LA2

Water vapor in excess of that necessary to convert all of the oxide to

the hydroxide will pass into the building atmosphere.

The situation for water vapor to react with sodium oxide also occurs

in the subcavity, once all the sodium and stainless steel have disappeared.

The sodium disappeared by boiloff and by reaction with concrete and water

vapor, the latter producing sodium oxide. The stainless steel disappeared

by reaction with water vapor. Again, water vapor in excess of that neces-

sary to convert all of the oxide to the hydroxide would pass into the sub-

cavity atmosphere.

5. Sodium vapor reactions are next. The sodium vapor reacts with carbon

dioxide, oxygen and water vapor. The carbon dioxide would come from lime-

stone concrete if any had been used in the FFTF. Oxygen is present initially

in the nitrogen of the cavity at 1 percent concentration and in the air of

the building, subcavity and H&V cooler room at 21 percent concentration.

The code permits oxygen (and other gases and vapors) to flow (as leakage)

from one analysis space into another. Thus, oxygen in the subcavity air

can flow into the H&V cooler room and thence into the building and vent out-

side. Also, the oxygen can be injected into the buil ding by the code in

the purge air in order to hold the hydrogen concentration to 4 percent.

Water vapor present initially in the building at 50 percent relative humid-

ity is released from heating the building floor concrete and is leakage from

the H&V cooler room. The code has the following reactions:
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Atmosphere Reaction Energy Release (Btu/lb Na)

4Na + CO, -30-- 2N a 0n+ C 3,7992 U2 "

2Na + Ho~
'2 "2

4Na + 0 -0-- 2Na, 0 5,700
2

Previously the code had the sodium reacting with carbon dioxide, oxygen

and water vapor, according to their molar ratios, with either the sodium or

the carbon dioxide-oxygen-water vapor being used up. However, the experi-

ences of the recent hydrogen-oxygen recombination tests, described by Arm-

strong, et al 1,(Al15) and in Section VI, indicated a change in this reaction

modeling. The reaction with CO02 3 0 2` and H 20 occurs only when the concen-

tration of oxygen is less than the concentration of water vapor. In the

alternative, when the concentration of oxygen is greater than, or equal to

the concentration of water vapor, the sodium-water reaction is omitted.

That is, the sodium vapor reacts with carbon dioxide and oxygen according

to their molar ratios until either the sodium or the carbon dioxide-oxygen

is used up.

6. Hydrogen may react with oxygen next. The situation for this "hydrogen

recombination (to water)" reaction occurs in the reactor building. The hy-

drogen is generated by the sodium-water reaction wherever this reaction

occurs: (1) in the cavity when the floor liner or the floor itself fails

and water vapor is released into the sodium pool by the heating concrete,

and (2) in the building atmosphere from sodium boilup from the reactor vessel-

cavity and water vapor from the building floor and H&V cooler rooms. Oxygen

is present initially, flows into the building from the H&V cooler room, and

may be injected in the purge air to hold the hydrogen to 4 percent.

The conditions for this hydrogen recombination reaction have been the

subject of recent experiments at HEDL. Preliminary results of these experi-

ments have been described by Armstrong, et al. (A-5) Many of the experiments

used a sodium-hydrogen (-nitrogen) jet as occurs when the reactor vessel

fails, releasing sodium into the cavity which, in turn, experiences a floor

liner failure. In nomenclature consistent with the experimental apparatus
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and data, the cavity would be called Cell A and the building Cell C. The

experimental results show that hydrogen ignites, and is completely consumed

when:

a. Cell A is at 500OF or hotter,
3

b. Cell A has sodium vapor and aerosol concentration of 5.5 g/m"

(3.4 x 10- 4 lb/ft 3) or greater,

C. and Cell C has oxygen concentration of 11 percent or more.

In the code analysis, the hydrogen reaction is as follows:

Atmos p here Reaction Enerc !L- Release

-*-- 2 H, 02 H + 0) 112 52,425 Btu/lb H 2"2

When hydrogen and oxygen react, the hydrogen is used up.

7. Lastly, sodium reacts with hydrogen to form sodium hydride. This situ-

ation occurs in the reactor cavity when the liner fails and hydrogen is

generated by the sodium-water reaction. This reaction delays the escape

of hydrogen from the cavity and its accumulation in the building. In the

code analysis, this reaction is as follows:

Pool Reaction Energy Release

2Na + HO -O-2NaH 915 to 1,010 Btu/lb Na"2

The sodium hydride, as solid and/or dissolved in the sodium pool, is

in equilibrium with the hydrogen in the atmosphere over the pool. That is,

by changing the pool temperature but not the amounts of hydrogen and sodium

present, the amount of sodium hydride will change.

Further, as sodium is consumed, the sodium hydride will disassociate

back to hydrogen and sodium.

The equations for the equilibrium between sodium hydride and hydrogen

and for the solubility of sodium hydride in sodium were taken from the

correlations of Whittingham. (A-6)
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In the cases that assume the failure of the reactor vessel, either at

3 hours with the melt-through of the vessel bottom (Cases 675 through 688)

or at 384 hours with the failure associated with the vessel support arms

(Case 655), the sodium accompanying the core debris will consume all of the

oxygen in the cavity atmosphere and react with the calcium silicate insulation

covering the reactor vessel and guard tank. The code analysis covers the

oxygen reaction. There is about 18,300 lbs of insulation on the vessel and

tank.

The sodium reactions with calcium silicate insulation have been the

subject of experiments at LMEC. (A79A 8) The results of these experiments

are sumimarized below:(A-8)

"Sodium reactions with all calcium-silicate-base insulation

materials were characterized by an initial flash flare develop-

ing from the first fire and lasting up to 10 sec. A shower

of sparks, particles of burning sodium, was ejected at the

start of the flare ... The flame subsequently subsided and

burned quietly until extinction ... In spite of the impres-

sive flare that occurred at the start of the reaction, the

calcium-silicate materials were not significantly damaged;

reaction was mostly on the surface of the material..."

The sodium reaction with the insulation was assumed to be the following:

Insulation Reaction Energy Release

2Na + CaSiP ~-*-- N a Rio + Ca 286.5 Btu/lb Na3 U2. 3

This reaction will consume about 1.2 percent of the sodium spill and heat

the pool about 110F. It was neglected.

VI. Hy Irogen Recombination

Hydrogen is generated by the sodium-water reaction wherever it occurs.

There is potential for the formation of flammable-explosive mixtures of hy-

drogen by the accumulation of hydrogen in the air atmospheres of the RCB
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and H&V cooler rooms. Usually the analysis scenarios assume that the hydro-

gen concentration is controlled by an air purge, calculated by the code to

limit the hydrogen concentration in the RCB to 4 percent maximum. This air

purge assumes equipment not presently available in the FFTF. The air purge

promotes the leakage of radioactivity from the building and, therefore, is

undesi rablIe.

To some extent, the hydrogen accumulation could be delayed, or even

eliminated, if the hydrogen were to recombine (with oxygen) to form water

vapor. The preliminary test results of recent experiments at HEDL on the

conditions for hydrogen recombination have been discussed by Armstrong,

et al. (A-5) The code modeling of these experimental results has two aspects.

1 . First is the avoidance of hydrogen formation. The general model of

the sodium vapor reactions with an atmosphere is that the sodium will react

with (carbon dioxide)-oxygen-water vapor in proportion to their molar con-

centrations. The reaction with water produces hydrogen. However, the

conditions of Test H-17 indicate that the sodium (-nitrogen) jet will not

react with the water vapor unless this water vapor has a concentration

higher than the oxygen concentration.

2. Second is the conditions for the hydrogen-oxygen reaction. The situa-

tion assumes a sodium-hydrogen (-nitrogen) jet into an atmosphere contain-

ing oxygen. The conditions for this reaction have been listed in Section V.6

above.

VII. Heat Transfer Models

The CACECO code uses heat structures to simulate the heat absorption

and heat loss capabilities of the roof, walls, floor and equipment of each

containment space. The code permits detailed simulation of these items

within the limitation of one-dimensional heat conduction analysis. These

heat structures are described by one-dimensional, multilayer, transient

heat conduction equations, one equation for each structure. The heat con-

duction equations are solved over each time step by using an implicit

calculational method.
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The heat structures are defined by input data. Each structure has

from 3 to 25 temperature nodes in a one-dimensional geometry, either planar

(linear), cylindrical, or spherical. Each structure can be multilayer with

successive layers for different materials, temperature node spacing, and/or

volumetric heat generation rates. The boundary conditions for each struc-

ture are specified by input data that cover: (1) the temperature in con-

vection contact with the boundary surface, (2) the heat transfer coefficient

at the surface, (3) the temperatures in radiation contact, and (4) the

radiation area-view emissivity factors. The temperature in convection or

radiation can be the outside air or any atmosphere, pool, sink, or other

structure surface temperature. The heat transfer coefficients can be con-

stants or dependent upon either time or temperature. The radiation area-

view-emissivity factors are usually constants.

The materials for each structure are specified by input data. Normally,

the thermal conductivity and heat capacity of each material are constants.

However, because of the effects of water release on the properties of con-

crete, the code was modified for these PAHR studies so that concrete pro-

perties were dependent upon temperature. These concrete properties are

described in Section IV.

The structures used to model the cavity roof, walls, and floor are

covered with steel liners. These liners and an assumed 1/8 to 1/4" thick

air gap behind the liner were homogenized into the first (inside) layer of

these heat structures. The extensive steel and copper embedments, penetra-

tions and reinforcements through the cavity roof result in a homegenized

thermal conductivity of 30.2 Btu/hr/ft0F for the roof concrete. The angle

irons and "I" embedments that support the cavity cold liners constitute a

region, 3 inches thick behind the liners, that has a conductivity higher

than the deeper concrete. This region heats faster than does the rest of

the concrete. For the cavity upper and middle walls, generally the area

covered by the cold liners, this region had a homogenized thermal conduc-

tivity of 1.29 Btu/hr/ft0 F. For the lower walls, generally the area covered

by the hot liner, the lined wall and outer floor were analyzed as a liner

homogenized with a 1/4-inch thick air gap against 6 inches of firebrick and

5.5 feet of magnetite concrete.
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The heat transfer coefficients used in different applications are

summarized in Table A-9.

TABLE A-9

HEAT TRANSFER COEFFICIENTS

Ty pe Typical Values Application

1 0 Btu/hr-ft2 _oF Adiabatic surface for bottom of building
floor and for outsides of various walls
and floors.

2 1.2 Air outside containment building.

3 1.13 at 760F Atmosphere inside containment building,
cavity and H&V cooler room.

1.6 at 300'F Also, initial atmosphere of nitrogen and
oxygen inside reactor cavity.

4 1.05 at 150OF Atmosphere of nitrogen and sodium vapor
inside reactor cavity.

5.7 at 1530OF Coefficient takes into account sodium
vapor condensation effect.50.0 at 1620OF

200.0 at 1700OF

5 200 Sodium pool in reactor vessel, reactor
cavity, and in subcavity.

The sodium that boils up from the reactor vessel and cavity reacts with

the oxygen and water vapor in the RCB to form sodium oxide. This oxide will

fall out, collect on the floor and separate the concrete floor from the at-

mosphere. The density of freshly deposited sodium oxide was measured at the
Ai Cenig aortoy(A-9)3

Harvard ArCennLaotry as 20 lb/ft .With this oxide density,

the boilup of 6.2 x 10 5 lbs of sodium into the RCB would form a deposit 3.2

feet deep across the RCB floor. This thick oxide deposit, accumulating as the

sodium boils up into the RCB, was the basis for two assumptions of this study.

() The heat transfer from the RCB atmosphere to the floor passes through

the resistance of the accumulating oxide deposit.
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(2) All water vapor released upon heating the RCB floor passes up through

the oxide deposit. The water reacts to form sodium hydroxide. Only

water vapor in excess of that necessary to convert sodium oxide to

sodium hydroxide escapes the deposit into the atmosphere.

These two assumptions delay and reduce the heating of the RCB floor and

the attendant water release from this floor. Much of the water release is

captured by the sodium oxide and is not available to react with the sodium

vapor (of the boilup) to form hydrogen. Also, the formation of sodium hy-

droxide collapses the deposit and reduces its thermal resistance. This

study assumed the accumulation of a hydroxide deposit 7.4 inches deep on

the RCB floor from the boilup of 6.2 x 10O5 lbs of vessel sodium. This de-

posit and its attendant thermal resistance increased from zero to the maxi-

mum value as the boilup proceeded. The overall coefficients, atmosphere to

floor surface, are listed in Table A-10.

TABLE A-10

OVERALL HEAT TRANSFER COEFFICIENT, RCB ATMOSPHERE TO FLOOR

Sodi um Thickness OverallI
Boiloff HydroxideDeposit Coeffi ci ent

240,000 lbs 0.04 feet 1.04 Btu/hr-ftL -OF

254,000 0.26 0.72

404,000 0.41 0.60

523,000 0.53 0.52

620,000 0.62 0.48

Generally, this sodium oxide-hydroxide deposit reduced the hydrogen for-

mation and raised the RCB atmosphere temperature. The sodium hydroxide does

not react with concrete. In fact, concrete is a recommended material of con-

struction for the electrolytic manufacture of sodium hydroxide. (A-10)

The insulation on the roof and outside walls of the RCB inhibits heat

loss to the outside air. This foam insulation was assumed to degrade upon

heating listed as follows:
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Foam Insulation
Steel Temperature ThermalConductivity

800 F 0.013 Btu/hr-ft-0F

650 0.026

950 0.052

The floor of the subcavity, when heated by convection, hot sodium or

core debris, will lose heat via conduction paths through the surrounding

ground to the ground surfaces surrounding the RCB and, thence, into the out-

side air. An estimate of the minimum heat lost by these conduction paths

was made using the Green's function and source-sink image theory described

by Kellogg. (All1) This estimate used a heat source 80 ft below the ground

surface and a ground thermal conductivity of 1.0 Btu/hr-ft0F to give a

minimum conduction loss of q/AT = 78 Btu/hr-0 F. With a subcavity floor

area of 346 ft 2, this conduction loss was represented in the code analysis

as a conduction coefficient of 78/346 = 0.23 Btu/hr-ft0F to the outside air.

The floor of the H&V cooler room, when heated by condensing the steam

from the cavity and subcavity concrete, will lose heat via conduction paths

through the ground to the ground surfaces surrounding the RCB and thence in-

to the outside air. An estimate of the minimum heat by these conduction

paths was made using the Green's function and source-sink image theory.

This estimate, like the one for the subcavity floor, gave a minimum conduc-

tion loss of q/AT = 70 Btu/hr-0 F. With a H&V cooler room floor area of

79100 ft 2, this conduction loss was represented in the code analysis as a
2

conduction coefficient of 70/7100 = 0.01 Btu/hr-ft' -'F to the outside air.

This coefficient was used only for Gases 681 through 688.

VIII. Mass Transfer (Leakage) Models

The code analysis of leakage based on leak rate specifications uses

the following equation:

L c t /(pAP)

where: L c= Leak rate, lbs/hr of cavity or RCB atmosphere.
3

C = Leakage coefficient, code input data, lb/hr - Vpsid-lb/ft"t 3
p = Atmosphere density, lbs/ft"

AP = Differential pressure, psid.
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Leakage according to this equation can be in either direction. The

coefficients used with this equation are as follows:

Table A-1l1

LEAKAGE COEFFICIENTS

Leakage Purpose Coefficient, Cr

RCB to outside Design leakage of 0.1%/day at 10 psig 6.6

Rapid vent to depressurize building 150,000

In one "relief valve" analysis, Case 659, the pressure increased to

operate a relief valve which vented through filters to the outside. This

relief valve was simulated by leakage coefficients that provided the follow-

ing flow ratings:

RCB Pressure Relief Valve Flow

0 to 9.2 psig 0.1 percent/day nominal leakage

9.6 1.0

10.0 10.0

10.4 100.0

The code analysis of gas-vapor flow from the reactor vessel and/or

cavity to the RCB from the subcavity to the H&V cooler room, from the H&V

cooler room to the RCB and, after building depressurization, from the RCB

to the outside uses modified nozzle equations. The analysis assumes that

the nozzle is large enough that the gas-vapor flow will equalize the pres-

sures of the two spaces each time step. The analysis uses the nozzle equa-

tion for incompressible flow as written below:

L n = 3461 538 C A /P APn n

where: L =Leak rate, lbs/hrn
C = Nozzle coefficient ,code input data, nominally 0.817n
A = Nozzle area, code input data, ft2n 3p = Atmosphere density, lbs/ ft"

AP = Differential pressure, psid
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This nozzle leakage is one-directional. The nozzle areas used with

this equation were adjusted to obtain smooth code analysis.
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X. CACECO Case Summaries

Data summaries for each of the CACECO cases in this report are given

in the tables which follow.

Notes

Case 675: From 4 to 229 hours, the RCB Mixed-Atmosphere Leakrate values

are high because these include flow back into the reactor cavity

as well as normal leakage to the outside. Use the leakrates for

Case 678 during this time period.

Case 683: From 384 to 428.7 hours, the reactor cavity Sodium Mass values

are high because these include sodium that has reacted with the

concrete as well as the unreacted sodium. Hand calculations

showed that the cavity and subcavity boiled dry at 428.7 hours

with 253,054 lbs of sodium reacted with the concrete. This

amount of sodium was removed from the analysis at this time.

Case 688: From 1008 to 1062.4 hours, the reactor cavity Sodium Mass values

are high because these include sodium that has reacted with the

concrete as well as the unreacted sodium. Hand calculations

showed that the cavity and subcavity boiled dry at 1062.4 hours

with 309,906 lbs of sodium reacted with the concrete. This

amount of sodium was removed from the analysis at this time.
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X I. Case Figures

Figures provided for each case are as follows:

Building Atmosphere Conditions

Building Roof Temperature

Building Average Vent Rate

Sodium Temperature

Sodium Inventory

Cavity Atmosphere Temperatures

Structural Temperatures - Reactor Containment Building Floor

Structural Temperatures - Cavity Roof

Structural Temperatures - Upper 16 feet of Reactor Cavity Wall

Structural Temperatures - Middle 16 feet of Reactor Cavity Wall

Structural Temperatures - Lower 10 feet of Reactor Cavity Wall

Structural Temperatures - Reactor Cavity Floor Center

Structural Temperatures - Subcavity Walls

Structural Temperatures - Subcavity Floor

A-41

I



um
L!) - 0

10 CD

LI--

LI j 0
Lii UI 0;

a: Li -(D:: u 0D W .
F-4 )

(%j ZCE
(If +

-N C)
i m

uL
Li

i~: i-~
*Li.1 c;ii n 00 .

0 L -00i
0
o Z

Gom

L9~ -j
2: Li E-

U) I]'-4 U)
Li 0o >. 0

2
LN

un.
0 L-

L)0
cn

EDU oQ 1
C Sz-0011 099 SZE 0U)C9

A '~flIUd~d~]I

L]
C CD

n
CD No
Dn

N
CD

C;

0

C6
CD Q

LI
CD 0

~40 OD OD
0D CD c-n

n N

o D
CD CD

CF 
- CD'

- C 01)D

CD CD~) Li

Uf) Il)
CDLI

C) Q

N N_J Li NN N
0:D u E

0 C: t)
LO) Ln NCD 0 I-)F-'-
00 I1I Sze 059 SZZ 0 01 S O S S' 0

m: 0 >A '~dflIUd~dH]I 1% Sc %'S1d EH IN]3d]d
a:

A-42



LI

CD
0-

z F
Q

C-)

(3--N

0 0
4::D (N C6

0Cr)a:-
L L oQ

0
(.0

Lii1 0
OD

z 41 h
.. D kU) U)MD Ur)
CD Cd >1
U) :> 0z

- (N
NEAJ (N

0
CL

C.O C0
5 12.t. ro

a: os1l -I---09L 1 0991 0991 o9s 1 09E I ose i 0S6

Li
CD
w C)

z
Lii

CD
cs

[L. ct
u

CE: (NJ
0 00

co
- a)
l Cr

> LI
-AJ

0 C0
0

- CD
C-D C-

co5> Ca: 0 LIi
0 !CD

VI)
CD U)

LJ-j
CD

- (N

CD
Ur) Ul )0 C:)

~~~~1~~ ~1~
Ili I, *C C 9 1 9*0 1' 0 0U) L) r"

0 >OI~ NJ~'3Lud Mmli 9I,'-
CV0-.

A- 43



0-

z g
Ljn u

-03
CD

:D
u-

ci:
LU C

+ (J-)

LUI
(u go
03 CDwU 0

9U LUJ

0z
U')
CD Cr)
5 (cr
G--i

s- 93
a)

>4z N3

'- (
:> Wr

0
U~ 0

(U
Cr 008I Szl9 0SE I A '~flIUd3diAflI I

(UwD (-'

0zz
(U

C
(1)

(U

C"'

0
-00

CD
::Dz 4.1 

CD
LU D
>.

L) LU

z
:D

U-)
CD v)

CD
r~J~) ~i

z 
-N

(U
Of

0 U),0
oooooL 000009 WSooooo o0ooC oo0ooozo 000001

Cc se8] "16A NI wfli oos 8

A- 44



E-

0)

0-r
I c-
z I

C
000000-0-

Mf
mnrc 0 0000

igJ 0 te) LO l ) (
CZ, 0
u::D N l 0F4 Jo

CE: =1 E I
rr- +
Li 1
n~ 23L

0 V) 3004 + X 0 0 Xi I0L
Li 0

EL

M Jo )
a: CD CD+ 0

wi:D z
FH co
C3 (f) .

('i

_

H
cn 5

Li
0
C- 0

L-

V 4 0
U-

Ct) I-'

H

0
00-
Hcll f- (f
z
UL3

> U
00000000- 0)

(f)I a: 000000000z
0 0f 0 00 00 0 0

-) z
Nci
+;

-JCE:
n-H f-H EH H HH 0EL-

W~ or,
u U)

11 11 SI 0C I
OwLL] 0 4

I-
Xcc 0

0J Li .G: 0
NC'

-H C\3E u) I
co- 0
u(. 0D

H1- z t,7F-4 0.4 - k2
cJ-

Ur) 0

(C3
Lo . 0091 009 0O'g 1 0ovI oo1 0001 008 009 00U o0 0

A- 45



- ____ I

F-

L

0

> Li
C -

0- Z 00000000 0O

LL w
CD z

N X Li
0 z CD
+ Li 0CE N I-.

ry U-) i ll l I
wof ,fo +xo)0 C: Li.
rl Li +

0 a:LJ 0 L 0
+ k

Co Of

C:Z -J
0 LiJ

L I-_1 Li 
C'-,

inn:CJ -) (r) L
Co L

rlrl 0
FJ- Zi

Li CC
0.

C: ~Cr1I 0D
VL) 

V. rLn m
______ ___ I C0 fmf

LO C -T-
0091 0091 00W I 0ON1 0001 009 009 00 ON~ 0 ID

cc 8? -
r

0
L a

>.uI

000000 ( -9 - 0Li Licf) a: F-- 00000000 LO
* c2oQco~i

C.) z
fl-I Z Li)
0 CD D I I 1I I I I I I1- + C. Li 0a: N CD

11 1 1 1
LLi

Li UL-
o o ~+ x 4i

LiJ 0 +
L I0I
co CD
0 + F-a: z
0- 0 Li

_D -J I-
UIp, V) 0

L)
= >- Li
Q:: 0

Zr -
M:

0
0 >a:

CD
wD E-

U. T I I
to S0t -0091 04 1 00Z 1 0001 009 009 ocw 00z 0

>A '3~IflIUd3dkflI

A-46



CD Lj
w H 0

L60

1 0
hi hi

-I 0
(o 0000000

U)
(n -~z
L 0 tO) Ilr N 00

z
(N (N
0 n) CD 0E-~ ±. c~ Ui
+: + -i hi hi hi i hiU U hi

H H- H H- H- H H Li-
LI

nj hi +
0 w~ a1011+111 0

0o +

0 zuz - CD0
ry 1Nhi H-

E-
(CJ-) c 1
: D> V)

('r, 0
Zf h

hi H-
Or z

C.) C~) 0C
0 c

(o 0 C
-3 009 1 0091 00o1 I 0ONt 0001 009 009 00 ON~ 0

hi

z
hLi 0
CD hi

0-

I :
Z H- U) U) U) U) U) ) U) U) m
hiJ L

000000 -0- 0r
hi) +

(c) a: 000000000
Li o -0000000

z
(N co hi
0 hi UD mil I li

E-~ ±. ~ hi)_j i hihihi i i h h
2:2:22:2:22:2:2

H H H H: H H H- Liri c~: t. I--11f111111F F F LiJ
n u Lr) I I I I I Li-= -00Li~ 0

o CD

0 +

Z h 0 Li.
1- C-)

::D -j -J
Uh
U I-

C-) U) 2
D hi

Z 0

0

o0
hi +

4o

U) 0 00691 0691 00o I D0z1 0001 008 009 001 ON~
8100

A- 47



LLI LLI
CD

0

0- 0
icc:
um
:> -

Le)
000000-0 - 0

0-(f) dr Li 000000000 If)
Lil 0 9

z
Ui

0 Z CD
E + 0 LiCE " 0. -J 9 I- I I- I- I- I- I- I I-

- - lillJ
N (n

[A w m J LL + LL) E Li
n u-j H0 L-

0

cm CD
0 u-

a:- z 0
ft i, -i 

0 LiJ
LI L" 1-

FA Ul
L)() CO

Li

0
CF) 0

0 L
C.) >
4-tl -4
U') iCi:)

(a:C I- ~1~ ~~1~~
Lo 0091 0091 00o I 00oz1 0001 009 009 00N 00z 0

a: ml
U) i '3dflIUd]JVJ]I

('3

CD>
0

a-

z U) U) U) V) UO U-) CO) UO V)
of of of: cx of f f

Li L X X M:M: ITXL 7
> l-

000000-0D-
L) C) 0n(f) 000000000

Li C") In - n) LI NO ) n(wx~ U z(Y Li
C0 ''I I Il'I

F + LiJ-NJ Li i i i i L L L La: 1= z : :222 I- zz Z: 3-

ifE F-- - F- - F- f-- - LiJ
n LIJ F- Li-

-1
0i F- 0 0 ~+ x 0 ) m xLi. o L 0

0 L F-z: 0
0LiJ

LLI L-
Ur)

C-D (r) CD
Li 0

Z 0

Li M

C- >
0

cli
CD Lr

U,) 9 -T- -T- -- 1-0091 0091 001' I 0OF 0001 009 009 001 ON~ 0 co
8

U) cc cv

A-48



Lu
LiC 0

C- CM

(0
C

m u C;
u

Dw (0

)G:
Ol- 4 0:)

OD
0 Lu C U-)

, LJ
(r FH

00

0LZ Co.

OD -,rLCD 0
CD -

CD pl N
: H LO)

m Lu
-1 0

C
CD u

0.Th
C0

U*) Ir-
U-) C
CO L9

001 1 Sze 0£9 SZE 0
L) C) A d i niu i wii

wC

CD 0

CM

cn LO co

CD 0
C;

Z- lb
-Con

C.) cc
C3 C1

CD
0)
00

co

CD

00

CD'

L=w
IC) C) Li

*4

If
C) C) CD

CM CM
N N
CM CM

=D I K C)co L C) C)
If) 0) C) CDcc

oss SZE 0 01 S4 0£ S S' 0 . L)Sze 00t-
H !N]Od25

A- 49



-I

Li
Q)

0

L)

0

LLI
i-I

0 C6
CY + an

oa Cr)
ci:
ry o D
Lil
0- 0 - CD 7-

Li
F- LiJ

0 7o
7-

0o

cy-

CD
CDiU~) 0

- (\J
00

(NI

CL
sj6Aa~p jessaA .Aeaml pup aLPP!. pau~qwoD 0

U) -C3
(D
Li 0SZ 1 OSE I OSIT 0501 056 (0osL 1 0591 0551 osH

E3

E;

0
C9

I- D

z
LI

0
CD

Li a]

(Nj
0 C6
+ 00zy (N]

o r)

> I o CD
0 00C)

CE0
z Li

F-I

-J L CD
cr

V)
0

CD w OD

LJ Own O08 000 'o~ 0000E 00091 000 1 0009 0001' 0 0i

ci- 8VJJOS Iu I MUi

A- 50



Li
CD 0

z
c-f-) LiLi rn

Li

ci:
c~ CM0 0LUJ

a:
n 2N -a:

o Or)

Li o 0LiJ 0I
- CD.

Uia 0:
n~ 0z

0 :

U')0
CE:~ 2:

L.J 0j
I-. ~

cr_
C-) 0

If)
CD

Li -FM- II 006 S99 0s SZE~~ 0U-) 0091 SL9 Ia:
C-) A '~flIUd]dt4]I

0

C9

CM

Ir-4z
LiJ

0

Li

0

CC)CC)
CD CD cn

z =DLi Li CD
L)
cn OD

0 Li-y_- z

t4

CD LO
c-n I-

NM
-N: CM

U')
(D F- -T1- -- r- -F- ~1~ -I-- 0o
Lm 000002 000009 00000S 00000k 00000z 00000z 000001 0

6 1] "1~31A NI wnfioos

A- 51



L.J

0 -
p I

CoD
H- C)
z

000000000

Co C)J L) U) 0000000 Uf)
Li
0 0 zINC L.iED 0 C C9 I I1I 11I1I I1I1

+ CE) LiLiL iLLiLLiL CDN- (3--a: m I_0 + H H HH H HH H
Li I LI IlilT-lzll- - - - - Li0J w L Li-I H,

0 V) CD
Li

O

29
10 F-z: LO0 IL

+y
:D U CDi fED

L2 -i
IJED Li

I--r LiJ
H- CD

wf) C-)
Li

0c Le)

CD
U) 0 V) NV) 0

CD

-F--0091 0091 00o1 I ON 1 0001 009 009 ON~ 0

CD) u

=) C9
Q- C co
HaI

u) Lo u-) ) U) u-) U) o) Lo

L'
CD

00000000 Vcn m C) Uf)
Li Z 00000000fLi

C U) z
1-iED 0 C-9
+4 M~ 0a: N) SLi Li Li Li Li Li Li Li Li

0 H- r F- F, F- 1-1 r
-'C.- Li-LI Of

Li Lin)
I -

0 W
oi +'Li>- t)
1 l><
mo

Oa-
0 Li

CE
0 r CD Li-ED C) CD

0: L-
r(2 H- 0
-i C)ED LiJ 0

0 E:
r, CD

cn)
00af
n~ CD V)

0
CD E

Ur)
II- -T- -1- -F- -T- -- F LI

cc C)9 0091 0091 00o1 I ON 1 0001 009 4009 ON~ ON~ 0
2k:

A-52



0

nD .
UD

000000000u) ( v v
Z> .

C

Li) Q- 0
cn (an am UC C CD C 00C
Li- a:: + 00n0 N0CC)

Z:
(N3 LI Li

Q) I I I I I
+ LiJ

(i nJLL LLLL~ LJUIA Li

(N - - E- - - - - - Li-
Li- LLI

n i
_j L) UL-
0 LI C

It - [ *'

an (\j

0 0 CL
CE: z LiCCY
D C -~a::

IIc~J ii:~
-J
Li
r -i C

-IF-' ~ an

an>

2
OD C

2 0CD (

0091 0091 o00I ON~ 1 0001 009 009 o0 ON~ 0
ur U H

LLi
I--~LiW

C
O 0

I Li
z C o m o o m o mLi CC Ir- ck w: I: Ik a::: w0 0

C
0 0 0 0 0 0 -

Hr CO6 0
J0 C C 00 C CCc) C C C C C CLi- CD - n M C WD

z
(N 0E W
0 + 0l 1 1 1 1 1 1 1 1 1

LAJ (I Wi LiLiLiLiL Li Li Li C
r~ ~~ z EEE

C Li ILi
Li-CL Li H H H H H H H H H

0J LD 0
Li 0 Li

0n w

(N C Li-
mZ:~ 00

cc
F-4

-J

0 C
CC

F- ckc

0H 
V)

0e CC C ) A
C ) '0nD !

LICD Li

ON~ 1 0001 009 009 00 ON~ 00091 0091 00 I
Li

to J 'flIU~fldVJ~I 8

A- 53



Li 0m

C) LI

(ri v, oi L, ni oi L L

Li Li

-J 00000000- Li

( p a-- Li 0000000
Li z 0 U) i-I 0t) wLi
or C

0(2 C) I I I I I I I I I
F-4 + +C)j y _i

m :r
H- - H- H- H H H- - F- LiLi- co

LL-
0~ Li+ fXI 0 0 + U X 10C0 wr 4 X 0 D- r-) -
LiJ o~2 f--s

C
L, Li

0 z C]0CEz

-D (\jC
I IrC

C] i-s CO 7

1) a Li 0u

Lir 0
(D 0

-1 0081 0091 0011 ON 1 0001 009 009 00 ON~Li L-
VL)

Li

0 0L
CL D

ui In u-) Li vi v) oi u-i o
0:: wI xC wCD cDCDEli Ln ~~a:a:

> +

yia Q0000000- LnH
rji a: u~ 000000000 C 6

'Li inr) 0D C 0 0 00Ll t") U-) N 0 tq W
(\j H -(y

ID 0 ' I I I I I I I I I
F--4 + 0 w Li LiL Li Li Li Li Li Li

(I'. +cE_ a: DCa:
CD~ Li-Li DC .4a-Li Dcy Li

D 0 D. U x0- x 0
iC)

a:C)
0

C LiI
CE -z
a-

I CD
H-s a: a:
QJH -~

C)lID Lia- E DC 0
0

Dck C)

-- X--
tC) Li 0

Li) a_- 0 C-r

(D F 0
Hn 0081 0091 0011 ON 1 0001 008 C09 00 ON~

Liu
LiL

A- 54



F'

Li Li
CD .J
a: 0
0
Q~ >

F' Li
z v) o) v) v) o) U) o u-) U)
Li ~
>

V)
0

Li
n a- Li

Li a: Li -I P) NO i o )a: 0
LiID 0 z CDE-' ±. ~:j Li 0

Wi Li Li Li Ui Li Li Li UCE T
a: -

U) k-- H F- F- F- H'F 'FLi LiJ
Li-

0 L- 0 4+x > CD
0i C 4/ 4 0)

H .

Di C LJ

0C

a: L
:1:

QJ F' Co
ID Li rl)

: 0

cn0

CC) -' C D

CO> - 6 P
(D :_ ~~1~ ~1~ -I- I I a

Li "C2 0091 0091 0011 ON 1 0001 009 009 o0 ON~ 0 IDU) rl

U) J ']dflIU~E1d~43I

Li

a: C) 0
0~

U) Co
F'
z U) U-) U) U) U) U) U) U) U)
Li Li
> F

Li
0D

000000000
Li Li(JD ~ U) 0 0 0 0 0 0 0

L-i - r- U) N 0 1-) wD

Li
0 cr_ CD D I' 'l

Li iLiLLiLLiLLiL 0_JCE r ~ F' ' ' -w ' F F F F

Li Q 7 LiJ
(I-Li I- LiJ

aI 0 11+11011m
30- 0 F3, c)-L 0

Di

D 0' 0 LiCD
'i:: U-

1--F 0
_j 0
Li N

0

cn r-
00 M-
r- ar

0 
?

U-) 0F -F- ~~1~~ ~~1~ VU) 0091 0091 00ot I 0ON1 0001 009 009 00 ON~ 0
D
U) 89 9

A- 55



I

Iii C3

0
CD

1] H I> c±
LI Co

to
::D en
[--4 + V)

L0
LLI

oCD 

0.
U Z Co .0

CD COl I C

0 Z Li

CD 0)
:7U) [ILi4 C)

>- 0
Z CDI:

=)Wr-

0
LI) 0
(.0 0~C3 r- uU]J- 0011 Sze oss Sz 0 ~
U.) Cn

A di niu idwaw

LIJ
CD CI

en

CD CDJ(- I C) (0F
CDH CD CD

hC)

-) CC) LICDco
CD2'

co CDC:0
LIL Co Co

CD0
7"~ CD

CI
U) LO

D LI

LI LI

I N. N. IN
I CNJ

LI)
CoL IC 0I

0 C LI-C: CDI (D n
-F- ---- T- -- T- -Toss SZz 0 01 OS

A] 3iiuj i oI~d *~zdJ EH IN]O3J1 W Z

C)

A-56



Ui

C)F
CD

0

z

o CD

r l C:)L-) 0

0-
Ln

Li 0
F -4

0 Q,
z:t_-

cuLIDJ 3:

'--- Li 0
ED cn

ci
CD

CC)

V)
Of
m

Lin C) to N
CC) Llr) V)

+ CD (0 t-)
-- 1-r- --- Li

LiJ 0811- 0801-08z I 0891 0881 08~l 081 08E I 086 a:(
D(-3 0 >A ' fiUni35ViZii

Li
CO
0 Ci
Li
0~

z
Li CD

LiJ
[--4

CE -CD

co
[--4 z

CD c

JI
D

CD CD 0]CD K III- D
>coD

;0i
C LiCz CD

C-D
2i

LiJ
'~cn
C] C U-)

Li

Z CD

0
V)

C-)
Li Lr) U)

LiLiJ 
A cc u

cD 0OoU 0009C 000H 0000C 0009t 00OZ 0009 000k 0 Cc (D
u

NjOs 'IIU MOri ciu

A-57



0
a-

7 A 
CC)

CD

Cii a
- Co

LiJ

I -4 c:
CDLiI C) IjD

O D
(I] 

- - I

(n
CD -j Lwiz

E . -nU-)
CT-- Li

Qj
CD

CE C- U-)
L) CO Ca ii

UL) ts CNco 
LDI -r- - 4 CD (D NLi(AI V)0 0091 szsl 0szlI S~l I 006 SL9 0o17 SH 0a:

uI A ii nllu ijNii

li

CM
V)
Co

CD a
Lco

I 2

co

7-1 of CDI] co
ZI ci

a: Lixc
CD

CD V) U'
CD
(fD~±I

0 CMj

LIJ 
CD

a:
- I j

r- , -a
OOOOOZ 000009 00000S 00000k 00000z 00000C 000001 0

GO-] "lIS:A NI Nfliaos

A- 58



I : Fco

z CO 000O0 l000
U]I ft ' Of w 01- a: c~f a: a,

cj Mm 7 mmmm==
F- 2:2:22:2:2 2:- SCD)

Q~C CD2:22:22:2cn MOOOOOQO2
Li 2: z 2: E) M C, Q t) W

fy+ z
(DN C)

CD IE-4' os 2:

Z z[C + CD'
n H H H H H 0 H x t) -1

LJ C
E- U-

ca 0n PIP Lb
LiC] z CC)

2:

F--' U-)Z
Q~ 0 ~]
TI Li

CD

cn )
Sco ulO:f

CD X
02 I Li

W HD
U') cm 0091 0091 00fl I 00oz 0001 009 009 00i 00z

cw 0-

U-
U] U]
L~ ]

CD
2: Cs)

Q 2: co

H Co

U
> U

U CD
CD 0 CD 02:2:2:2:2:2:

(F) 2: ) MQOOQ2:2:2 2 2Li MO UC,2 Q nCo
-y C)- C-)]

A m Cs9 C:E- w' Ji U-i U] U U) U-i U-) U- U- U-

CE z
HY U-

L] CDF-
wb U] I1I111III1 1-I

0 0 4+ x 0 >6x
Li ?'Li
o cH-'

2 2: ci-
Ci: LiCE z

0) J H CD'

U] U-~F--' V)
C) (f) 2:
TI 5 o:

Z CO 0:

cn U]

- w 2:
C0 0-

-5
U)

COjs 0 a:c U I-

0091 0091 oofl I 0oz 0001 008 009 00 OM~
2:

0ry

A- 59



LI
L-9

CD

cc
CD

Of w :ZrkfOfa:Zrw w w

CD
0Z D CD CD CD CD CD CD CDC(p c; D DCDC C DC

[I: CD CD -n 0 0 0' QD 0~~ C
+i co za:- Wi

CD
ID z r. li Li Li Li Li LiJ LiJ LiLi WW

r H- r H: H- H- 5H I- H
0L+ [AJ]

-i (- J
CD a:- 0 0 4 + x 0 > v x

Li~D
CD0 (LF -~ +0L /

CD

CD Li
-~-i LiJ 1 F

-4Li H- 7 70n =
CD
iD z",

CD

cn -

CD.
V)

0 CD

cLi CD 'S r)f -I i+ u (Ij0 -) V)a:c 008 1 0091 0DM I ON1 0001 009 009 00 ON~ 0 a: w
cC 0 >Ooj '3dfllUd~dLL.J]I u z

IZ

(iLi

C

cLi Li KCD
>- L)

C
CCD C CD CD Q CD

CO
Lo0C CD 0CQ CDLi C ) 0n C,, CD CO

0 + Li zID Nr z Li -''' ICD0- L Li D i L I I I I I I I CD
CD Lic: :zCD H H HH H HH H0 a

Li 0 I- LiLi Ui IllillF-i- ln Li H Li
I I I I I Q-3 -

Li ~D +
C Q)

+C:) w
aL: zLi
ID- Li 

C CD
LiF-'

C-D c

IDy > Li
C

En L

C (n
e

@tF CD
Co C-) riLOCD W19

Li T - I
Li '009 00 00C 0
0 ~20081 0091 04O1 00 1 0001 009a:
Li 0-

C 7)-

A-60



Li

z Li
~)Li Li Li Li Li mi

ID Li Li Li Li
Li Li Li Li Li Li

li Li Li Li Li Li LiLi Li Li CiLi~ 
Li ci Li Li CC)LiiLi+ LiLi \C1 Lij Li

+ LiJ
LiD L-1 L,-J ULi L jLi ziL LiID
Li , F" F-" F-" F-"

>E CD af Li_0 X 0 1>

Li +
-w

Li
LiLiz -x

af
Li Li K] Li Li-Li I--" xxLi Li Li

1+ ~ K ~
~C)Li~

-V

Li F" Li
LiZ

*+ ~j
v)

'P Li orj
Li ~ u) Ln

-T Jr Wi InLi Li -- 7- ~24~00 -1 l -
Li > ooo: -Il 00? 009 0.0 ~ 000

Li 15 ILi~JJa-§i

z

Li

z - vi u-i Li o-) cn Li Yi vi Tf) (ifai af Li Wi Li Li wi Li

Li Li -7) Qi Li DCD 0- Li -Li+
Li L 0
Li LiLi Li) Li Li Li Li Li0 0Li /Li - n. C)Li t- Li Li )LCCLi + arf Li
Li Li

Li
ifi Li wL Li Li Li Li Li Lij /1crE Li L'i

Li

Li F-' F" F-' F-- I-' ~ F--" F--" / /LiJ Ln "
Li Li / CD0 0 4 + x 0 > a x / 'ILi~
F-'

LoZ+ /oi Ml/I CELi z ~ V -V F-'Li ~
Li Li Li LiF--"' En Li

co u L .Li
Li DiLi

Li - Li CF--' Li i V I,7
D

Of F-'

Li +

Li :
Li Ln Ln

Ln LiFr- -' Li0091 0091 00E' I 00oz1 0001 Ln009 009 DoE' OH~ T WLi. 0Li T U :]C N j cDc ) ou zu

A- 61



L

CD
I C:

Coz Lo Li Cn Ca cfl v) (nu-)a:- a: w: a: x: w: 0: 7
>7 I

ca
Li CD Li Li CD Li Li

0i 0i 0i Li 0i 0i Li Li Li[I I 912 a o oi Li ci oi oi oi
Lii na t,, o Cw A9

+n LiL Li

Cr' C) C I -)i LIA LiJ UJ i Li Li LiJ IA Li Li Li
r: E r r

Li
F- F- F- F- I- F- F- f-- I--

LECL Li LiLi FD /1 Li0 a 3 + x 0 C> a I Li
7- Li

(6a v-I
( L IF'I

J j CD A 7
IL

CD F-' ~<~6 Li
Li U- CD Lien Ca
Ca Li K

~1 Li ~ ft
CrC

Li
Li Li1

aL n
Li L

Li CD LP Lr)'S

CLi Li 0091 0091 00 I 0001 0001 009 009 oo 0ON 0
>J ~flIU~5~J3I z

Li
Li

0i

Li Li
IL

ILi Lr i Li Li oi u-i o co o- Fa:a: a a:a a: a: a: a:
cn z

CDLi CD LiL CD CD 0' Li6
N Li KLiJ 0D U vILi I-, Li tn CO
+1

CD L LiiIF
Li 1 Li LiJ Li Li Li Li Li Li w LiCE Z:

r- z- Z- F- E- AF F- F- F- F- /1 LiJ

-I x 0 a0 0 II +
CD

Li L / I
Lio

-I CL
Li

Li Li I' CD LiF-I Ca H
Li Ca Li / IU-LLi >N 41

LD

UL) $
L /LD / Li CD~

Ca 0091 00 1 Ir tLn000-1 0001 009 309 oo 00N
IlL
Li CD S a

A- 62



u0

CD I-
I V)

0

Lu F

LJ
LL Jcs C;

r LuCD Lu C 
C

- - SD
E(N Z CDa: 0-

+
N'

f" = I
- uiL-1i o (F)rr ~

L'-Jn
C:)0C-)~ o CD

LL- , z02
0D 1cD ::D CD

2K 
[I]2: Lu i

)LO:* U) I
CD Lu C

>Cj
0

LuJ N

CD
w I CD

U)
co co -CD

f u
0001 0Gz 005 0s 0

CE: 5'dflU,~~
0a

f I
CD

CD CD

C CC CD
C') CD
CD

0 C C3
cc

CD CD C CD5D
,,]C CD -0

C
C
C)

CD p C c) CD
co CD

C cc

CE D

CD C
C-D LJ

U) LO

1 LL

-DMN KC C C
U) CN3 Ke~lCD0C N N N(N N

2:> o

IC! CD CD

~1~ 4 I.- -0sz 005 0sz 0 01 OS
0>j ~flIU~135H3I 3 1d ScJ'S Id H IN]3Od3

A-63



-A,

CD

CL

LI

-co

Li (

0 U)+
(N OC)

CE

li :D
n~ U CD

-CoLUo a)

4

~~~1

W) Q) LflC
MF

z CD

LI)
S- CL) (\a
a)
CL
rL -0

Co
CD

n
LO D) wo

os1 I
U)_ 08L 1 0S9 1 0881 0881 08g I 0811 0801 086
a:

J ~dflIUd~dN~I u z

LIJ

D CD
CL

,I CD

C-f
LJa 0)

U)
LI - C

n:

+ CD
(N

CD) CD CD
CD 9 - Co

a: -D
LiJ

CD
LIJ

C &1 U-)-j LI
'---4

U)

- (N
N~

Ln

C) N (D
CO U') 0

LIJ
Uf) F sz 08~ GL 0 09,0 ~g '0 0 c r,C:

0 1 N]0S 31U8 M07j 00>
u-,

A- 64



LJ

CL 0

zcn LiJ
Wi >:

Q)D C-i Ca:-
LI

C
Li CD Co

+

Li
u

wi CV)
0

Li U

Li a: O Dri
0~ C - t-
CF)

~I Li L
U)

a_-
>-4 Z

E CD
** Li CN

CD
Ci

C-)
In
LO CgA 0091 szs I oszl sz 11 006 SZ9 ost, 0

A ']dflIUd~JHI1I

Li
CD

0~
(N

I-z Co
Li

Ci Ca:Li -co

(N
C

+
0cD co-0a:

z
Li 0J

0

CD
co
-i 00
C

LiJ

C:) Li10D Un -ncoco L)

z
(N

(i
CD

LO Li,
U) -COOOOoz 000009 00000S 00000f, oo66Oz oodoog oooooi 0

'IISS']IA N I [4fiaos

A-65



-I

LLI LI

:D 0

z
LI

000000-0-
L) LLI

(n M~ w 000000000 IL)Li 0 'N
z
LI

0 CDE + CD LI
(N 0a:

+
-J LI LI LI I I LI LI LI ILi LLi

0 U) Li-D 0 4+ x 09 a x0i 0D
k-
L

-J Z3C

a: IL to
+N, 0 LiJD-J ir

LIZ
(f)

C-) LI) IJ
U

DC I 0
U-)

0
C.)

N 0 0
U) 0 . D0

~1~ ~1~
Li >-' 0091 0091 0011 ON 1 0001 009 009 001 ON 0
U)xB

i '~dflIUd~dNW~

B-
L.

CD
D C CD

I-, CD

z
ULI
> L Fn

LL)
00000000 2(f) L

LJ Z L00000000Li of 0 C U
N -

LI0 C.9 C-E-~ ±. ~ LI I LI I I LI LI I I I 0a: _I rrrrrrrruu
0 B- 6$LiJ Li

-iQL U) Li.
0 (D a 0 0 xLi (~) ~ 4 + x C 0 0LLJ C
co

0
-j a--i Z: LI)

a: IL
N B 0) LiJ

CLJ L.
(r)

C-) &-o 0
LI 0D C

&-4 Z t) 0

U-)
LI
wxD
0 0
0C)

JO 0
NLl 0'5 I -F- -F- ~1~ '-j

0091 0091 0011 ON 1 0001 008 009 001' ON~ 0
ti 0 A '~dflIUd~dNTL

Of

A-66



CLU

CD
0- C) Fc~
LU W U) ) ) ) ) U U U U

~CD
CD 2:

in) 000 0 00 0 KO
WLQ:

0) z
C~j m
0 r: - - -KrrF +~ LUJ 0a: N: F -J

LinL J + " Li
0 Qr 00 4 + X 0~ D- * X f-i-
C) C9

+ KI-") *~
ftU

-Jz
-j

CE D L-
C . C:

i L
Li H 0
U') 2:

LD LO 0
ZD~

F-n K
C)>

r" C)D CD
UO
CDH ~~1~~ H0
WU 0 (U) 100091 0091 0011 I ON1 0001 008 009 OOt' ON~
cc
C00

H
0o

w Hc

CO U) U) U) U) Uo Co Lo Co

C) L CDD~.
[Li LU LUJ U ) 0 0000
0 C) 0

D 0 0 U)I lIliIlIl
F-A m C) LUI
0r C l-J LU U U U U UUU 10

rrr~~4
LiJ
Q~ J H Li-

0D L-
0 lt4 a 0 4 + x 0 U x CD

Li- C) +
a- ftco a_-

+J-4
-j ZDQ:

F-A

I 1 0 CD
F- AI

-. j U) -,
rr'
(~n -J CD

V)
t"0

CD
U)

CD
LU L T f'- ~1~
U)0 0091 0091 0011 I ON 1 0001 008 009 00o' ON 0 co

0

A- 67



ij

Ci
1 C3

Co
LiU m) mf m) U) () U) T)

hiVi OhiO hihihi

00hio00irmrcn ~Li hi z Ln CD 0 CD CD U')n Ln N or)

ID hi I I I ILd I IE-~ + 4
CE r wv -Ii h h h h h h h
0l - 9
LiJ Q 2
n -] + Li-

0i0ir 0 0 1 + x 0 C ELILi 1
hi

+~i

hi
CY ii CD

hi J
(f r

G-D U-) co
I:D

Li h

af z

Vh 1

m~ 0 5'
hib
U): 0081 0091 0DM 00ON1 0001 00 9 0 008

C)>r
C) 8

C)z

02

hi

U) Lo U) U) U) U) U) U) U)
hi L- 0 0 0 0 (Y a-0 0 0 0 0
> U) = = :

IU) 000000hihihi-0hi-
CiD + hiLi- crEN, 666666666ihhih
hiJ CDLi-

0 0L zID +'] . hi Ni U ) tUU hi U CNii U)F-i ~* 0 hi I-111 z111z-1-11
hi

Li- 0 Ci 0ihihi0i+ihi0ihix
n -j Ln

0i h Li-
L Ci+ Li
co 0r-

CE)~J+
cr_0

Li: Cl i
0~

hi Li
hiJ LiU') -

L -rU~ID
0 - 0Z 0

hi

0 0
C.) +

Uf) a hi
CD

k-~ T hiD
0091 0091 0011 008o1 0001 009 009 0oo 00N 0U-) hi

)

A- 68



CD
CID

Cf) C!) (f) v,' cr) () (f, C-) C)
Li cc. c000 oc x 000 L

0CJ* 0C 0'0),0'-0-CD 0D
ci L'i
Li F. ) CD 0m m 0 m cm 0
cr Li -) in rNo ro Co /X//(Tci~L Icm z cl
+ CD LiCm c

(-Ii T
CL
Li o a) f- F- f- F- F- F- F- F- F- 

ILi
ii LiF- a 0,4 +II IC) L xx Li-(' 1~

CL CL
C0

Li Li C:)
(~)Cr) C

LiJ VID >4") Cr, a-

C0

Li C)
W -i
C) 1- tn

CD
8

-CD

Li C) 0091 0091 0011 ON 1 0001 009 009 o0 ONa 0

cm A idnIud~dN]I

C-9

0l CDIn
- LO V) U) Ln cm cm (n m cm

Li Li
> F-

Li
30 0

C) C
(,C~) ~
Li (r- z
CL Lm a 0 9 I I I I I I I 1
ID -aU ) C)N )C

+- 4- C: luuluwlwllcm 0a:'
CL -

i Li Li + Li Li Li Li LA
CL-jF-

*CD Li
0) F- Ci

[Li (1\j

III
-i-j C) Li F-

CL
I k-4~ 0D Lim

W. Li
cm)

(C-D V) 0nLiC)ID > N

CD
Z~ -I

0 :rC) V)
CD

CC

Li C 0091 0091 0011 ON~ I 0c01 009 009 oo ON~ 0mco
0 0

cm A 'Z~flIU~cThJZI

A-69



0
N) CDl C\]

Q LiJ

C 0 LLI Fi
CE z

0
CEl 00

Li m -0

LiJ CD

I 6j 0) CD

CDCD OD

0 CD -

I I
CD-I U)

Li ~
U) L

~-4 U) I U')
ru 0

CD >0
~ U) 0z

w
CD LI

0 L. CD
C-) 0

0

OD w

I-- --- 1T- ---
0 ON 1 006 009 00- 5- 0

C.) C.) A 'ifliu~dwii
Q:

CD

CD

- 0
CD

,-- Ll CD 0rt, 0FD C6D CD
0
CO

0 co

0D CDl
CD co

CD

c~JU) 0CD
CLLJ

CD
CD

,I-:
,14

Ln

CD CD
t"

0

IDLi
cDo CD C0 co

C; CD 0w
F- -r---r-F -r~Oz 1 006 009 005-T 0 s1 os V)G*z 0 001 0 T- co

m
co) A 'flniu~iV4iI s1sd *Sslj H IN]3d11 u 0

Ll z
u
T-
ci

A- 70



0-
0D

CD

a: CD
co

CDcc
Li 1

+
f --4 a:

OD

ELi cuLi CD CD
C)

F-' co
z 

OD

ID
V)1

CD CC)

CD u

z CD

4'

29 C0C) a K
~1~-F-- os1ol

Ur) 09Z1 0991 0991 0917 09S 1 091l 096m:
J ~dflIU~~]5L4ZI

CD

m) CD

CM

Li C
j-A LiCEi

ft- -CC)

+
CMj

CD

CD

CE D

z 11
CD

U)

-J Li

CMl

CD V)
C. If

CD
Ur) s U;

CD (0u-)T1-
Li

U) 000?z 0008? 000H7 0000? 00091 000?!1 0008 0001' 0
kJO 'Ilud MO7JA

A- 71



V)
CL 2

(D
a:

V)-
Li F 0

cS

a:
0 0LU C-,

+

LU- 0
E--

L) (0.

Li C6,

Li 0z
o Li

E.
cr:

cl

>Cz

UC
Cil
0 C;C)-
If)

0 0091 sLs I 0SEI SZ1 1 006 S9 osi szz 0
m- A '~dflIUd~dL-12I

CD

Co

aC-

0
- Co

+~

(c\cy- r' ~00
CD 0 m
z
LiC -3 

CD
0 w

0 Liz
- C~CI

C) (Ci 
U,CD

(f)~:
z

0 0 t J

toN
0,
LIn
(Ci

OOOOOL 000009 00000S 00000i 00000C 00000Z 000001 0

S99]1 T '] S:3A N I Lw.fI oos

A- 72



0-.

U, a)

F,

0>

C0
000000000

Lj L) Z

w- 0 CD, SI I I I I I I

CE + a:
0 +

Li- -j L-
a- a Lti Li
Y- 0 0o4+ x 0 9 2 UL-
LLJ~ I / 0)

a: U, /

CD

0 + CD
I:D -J Lu 0 LiLu Z

60

Uc~)
D Li / \ I

J > -0 -
C0

(in~
Wu LiJ
w:a
0

C-
OC: 0 0
U, 0

C0 CD t/ ~- -- 1---~
Lu >-

Uj- 0081 0091 0011 ON 1 0001 009 009 oo 00N 0

CDu

0 -

0
CD0
(N -1

-J U) U, U,) U, U,) U, U,) U, U,)

U)C. C- 000)0 Lu0-0 0
U,

a: z U, 0 0 0i 0 0 0 0Li Li 0 0 - ") U, n C', U,-)c
z -i t -ii-
Ci //F-0 a: w,+ 1 _u D Lu Lu Lu Lu Lu I Lu LuIM ( (N

0 I 5 mmliii SI,
Li 1  oor+rorux Li)w m

IJXI--
Li 0

aDC
C CL

M z
0 *K 0CL
D -i 5-' C)JLu U-

I!) I
L) U, 0

Lu C0ID -> 0

zr 0V) Lu

Lu 0
O -

a: C!-
UD

Uj -
Luj 0091 0091 0011 ON 1 0001 009 009 oo 00N 0

a:

A- 73



C-

U)>

0 0 0

non no o) o) o)U ) )
cr a: : : : : a a a a

crOCrcrcrrrcr

W a: 00 0 0 -6 0 C ;6C

MCDOOOOOO Ln-0!l -U)~ I N0 )CDr 0
U)

EI 000000000r E r E

LiO F- - F- - F- - F- - F- /
a+ L-i

J-jC
0 Cr a 0 4 + x 0 C a x Li-LiJ 0 c!

/
LiJ
0D

Li U
A/

Ar
(n - 0

0 > 1Z
ar:

00C-)
0

U-)(Df-- - -- CD (0 Ln
0 Loi 00 0 00091 0091 00 O 00 0 0 00 ON~ 0cr
00 C S '~dflIU~iZcfl4ZI

F-

0 ICr

o) n co U) U) U) U) U) U)
C\ a:f W: a: a: a: W a: a: a:

m M Z M Mm 7 M

000c0000-0

(f-) 0 ) 0 0 00660000cz
M: W Ln 00 00 0 0 0L i ofa -) M Ot- n D

z
0

C\) 0

3- -

Li0+ -- : -_ : : ; : E:,. K H-
LiJ

0 0 4 + x 0 NIf I Li-
0

-0

ID 0J- II ~Li U)i 01 CD
/ 'I

X/

(n - / Ill
CD

L)cr
Ar'

CD> 7

00U
oDF CD

CD
0 i

U, 0091 0091 00 1 I 0ON1 0001 009 009 00 00F 0ICE
uDC I z

A- 74



i-D
-Li

0 wi
Li

z
Li v , UL

Ci U T 17

Ui L 0 Li Cu' Li Li 0i
Lr) I- -j 0 Cj CD r-)

Li r) L)t-. CT)

Li
C-0
Li
-'I Li WL-LiL-L'iLJ

E r:E, E Y 0 EIf : Co - - - - - -
L , F--'

f + I I Li
0 0 4 x 0 C LiJ

0i
in+

or
-iCD 0i(Li

Li C\) //1
(9 L Lo

IT) II
ul F- //
Li Li

U") 0 /1~
LD 0 0 uI~ V -

CDLi C 6t 00 0I-008 1 0091 OOH N 00 IDma: 009 001' ON 0
Li a:

Li j 'flIU~JZLJkflI

z
C(90
- 0

U')

CD MD

0

0 a cL o -LO L O V)~LO Lo U

cn 2 c;V

a_-CiLj (Li ) I O 00 0 0000CD U)
w ~ 0

:D C\1 Lj
E-4 0 w

LiiL

mi F'
3.

0 Li
J

E, C0 CD L
[-4

- 0 + LiJ

ci: Z L )
-::D -

-"-3f--4 ,)S-

U-)

F--' Z 0

00C
Li + D
U-) :K
(D

I-Li L 001 0091 00H I 0ON 0001 009 009 00 ON0 0
0 A '~lI~ddW~T

A- 75



to) LI)

0 0D

CZ) CID
-J.

Z:) w: w: w a,- w: w: W- w w

0 0 0000000 - 0 r 0
a: -~ 000000000 01Li Li Li 010000000D t) C

n- aw LI): W
LiLi e z- 0 0 Liwu w u
U Lcii (N

a: -J
Li co I- I- I- I- I- I- I- I- I- / LiJLia- Li-xi- 0 0- 0 0o4+ X [> 6

0-1a: C CIC

L -
LiJK c L:i

F--' Li 0 C
C-) 01 co

Li 'ItLD
7-

CD
Li0

0A 0

ci
00 L 4-T-1

Li C6 091 0091 001'1 ON 1 0001 009 009 00 ON~ 0
01 -

01

K

-
0

9
of
01a

cn L.) a: a: a: a: a: x: w a a: 2 K 0
0000O00000 111

LiJ CC 0 010000000oF)

CDLi ~ a:- C.9 Wi UWWWWUUW
-3 - :z r - 0

0 : C)
ILI n Li Li Li Li Li LiL xiL

0: : a-
xi 0 1-

. -
CDi L 

7-
a: 0 -*7- Air'

CD L
Li I- CDHi

-) 1D
*.J C0Li~

Ca--
0

Hi
LiJ
w~a
0 M
c-)
00a- I I r r CD
01) D? ;to> 5: (1) ta: -f 6A
LiA.] 0091 0091 0011 ON 1 0001 009 009 00 ON~ 0U') '-
a1: a:

:D(r)

A-76



Cm
0

c\J
t~)
(0

-
Cy- Li

C;

or C.) L3 Ce)
:: Cur 0

C)

+Nic
(L r Li a:U

-V c)CD

C:) Z3

CD an 00
ILi1

CD -)0

Li l
to L-
U) I

>0

uiI' rQ

C-) CD
C)w C)

Ur)CD I 5 ~
r os1 ~ SN1~~006 SA9 0

(n C9 A '~dflIUd~dN3I

CD

0

CL C
rl)

CD C)c-
10

C9~ C)
6C) - (JO W)

Li-
cr- QoCD~
(\I CD

Q C 00
C+ C)

(\) - 00 CD 0
CD Cl

LiJ
0

C)
0~ co OD (0(-C)
CD LiJ

I C
M: Li Lr)0 Uf)CD Li

c\3 jC)C:)
_i Li I N.c'n

C)
:D L)

0)MC 
CUf) - C) J)

D) 0C
-F--'-006 SL9 SEE 0 ST1 'Z 0 001 OG 0a:

C) A ']~flIU~L-JT sISSI* Jd H !NMOJ--l

A-77



Lo

A)
Li CD

CD
N-
-J

CC)

rLi
+J~ hJI:

C
CD C~

L. C
F-

0 0z tz
C)

CD U-)
CD W

z Cj

C)f
CD
C)
C') 

CD V)
A) C) (D r
CD I - ~~1~~
C) 6 8
A)
CE OSZ1 OS91 ossl osA ' sfl OAVJI oi sl O
C)

CD 
CD

A)

C

U-
~2
C) CD

C;
Li C) V

cC
C) CD

CE

CD

LiJ oCDf

0

CD C
CD

z
CD. Li

LA)CD A C
c)

zi
CD

C
CD

0 CDD a) 11
CY)

ON~ ON~ 001 0009 Dot 009 00s oo 0 5
m

N]OO '~IU~i MO]]
z

A- 78



-I

cn CD
C

W~\

cC)
Li
Of -
-:D

CD CD

00

Li C CD (n)
-------------------------- -------

c)CD
C.)

OD C
Li5 Q

z
cC) CD
CD

Li
cn 

Lr)
C -

>-4 Z CD

CNi
CDa La V)

CD
LnCC) CD (D rnN

Li
U') o01 £Ls I 09c I SFII 006 SL9 osi SN 0

ar J F1IU~]5J~I 80

CE
U')

(NJ

CD

I

Li

QD a
cL OD
Li

CD

CD ri "L
U-)

CD)
Li

Li CNI

V)
5

Ln NLo Lf)r- - W r)

-F- CD
Li) OOOOOZ 000009 00000S 00000k ODDOOC 00000z 000001 0 to
U

>S97 '17SSA NI 010fIOS 1 0
j z

X !

-j

A- 79



clD Li

C C
0u

w af w : w F C
LUi

Cn LU r

T- u Lf C C C C C CLi W z
z

o U - in L , LU LU LU)L
D C- LU 

C
Cii C E D -I- I - I - I I- I- I - I -
0 r i ' I I I Li
Li. -j WWoW+xoWWx Li

Li Liz C
C 0 I,,Li CC

F -
c Cn IF

C I 4 Li
/ C Li

::D -J LU C
cLU Z ,/ ,/

L3U)

iD LU
C

C F
u

D C L
C

U-L 
C:

c-I C Ln1" C 0

LUn 0091 0091 00 I oz 0001 009 00 O 0 5
1

C-
C 0

0- C

C
-j

CDLU

C3 C
C)

C
CCC0000CC

T-z C 6' CCC 6LiJ Lu C
z
LUJ / /

!DC C DII I I I I I1
0- C C LU CD+IF C

#' I LiJof LnF LiJ

C CD 0 o 4+ x 0 1 ax

C >- /
C X

CD-0o U-

0 .~
) C F-

Cl
C

LD C) C
=D W C

0 Ct-
CD

cn
LJ

C C V)
C 5

C0) U- C, ,
Ln v-

LOCD CD (D
u

ED 0091 0091 00o1 I ON 1 0001 009 009 00 ON~ 0
C: C

A- 80



F-

I- Li 0

CL Li
of w'

(n Li 0000000-0

00 00 00m: L) 0Ln o o 0 0 o 0 CKLi Ui -nor Onw
CLC z - - -cr-
(Nj E: II I I I I I
C)4 -' LiC' N CL

af- 4L - F- E-- - I-- F F- I-- I--

-1Q0 III
Li CC a0 4' + x 0 D. a x FT
CD CSLi
1) +I- C +CA f

m U K C [LIA

0-
CE * 

*)

JLi
H-' -Li Li-

C-- &~iCO T A7  
/ 114

cn -j K
1) CD

Ln Ln
(D I- CD fn

L
LCD 0091 0091 O01 I 00oz1 0001 009 009 001' 00E 0

>

L ~~1cli

Li

CO
L- > Li Lin ci vi vi vi Li Li ui

Li Lor_
Li

cn c3
TOLi ML0000000Li Li ot CD 00 Lir 0 n 00

CL ~ 0 LiND CF-'0 C
+ ] L 'L L L i Li Li I ICL (,ja * IF li

()- = F F-' ' F- F-'F-' F -F I- +1
LiJ

liii~ I11 /1
t- a0 < + 'C 0 C> 0 x 7'

Li 0 +o q
F~~L /

Li+
0 ::

CL CL
0: - - Li LiJ

'Li CD
fLi Li

C ~~ iF ~* 4
ID >LiJ

Z/
'-'-I

(F' -J

7

LoI 
L - Di

Lc,i> V)/1 0i(o-

0091 0091 001' I ON1 0001 009 009 001 ON 0 t

Li

A- 81



CD
CD

u D -) nD u-) v) u- (n
Ll r r, Jr Jr:Jr Jr Jr

Li T - Jr Jr Jr

D CC ii Ci CiCiC
CD0-) CD) CD (D D C) ci 3 C

fr)I -D CD- LJr CD 1 ID nDLi Li - CD - L , Ci It,
ck J z

ND LiLi j CD CD
-) C + Li

+I -ii Li CCE (Ni Jr Ei Li L CD-r -- JrCT Jr C
H H H H H H H

+i Li
Li 0 (if 0 a + Li

CD

Jr + CLi CD Jr 1z X/

CE ~ I
Li

Ci Ci I! Li
Li H

L3U- c
LiLi 'I

'II CCLi Li

Li H 4
CD Li i~I ~

cD
CD-r I- 4
m Jr -T --r rGou 00>5E oDH I ON 0001 30e 009 00 U) 1 0 U

T c) uCD J '3dflLddi1 J?]. u 7
C)

z

c- CD

CD) 0
cn c-)i r

CD U-) CD CD 0 D CDC

CD D CD C CD C CD D CDM: U CD C CDCD 0L CLi Li-) r) Dnr-. aCL Jr Jr ol
Li, Li

CE + -i i Li W L LLi W Li W w CD
E LE EE

[Li F- I- F- I- E- F- F- F- F- F- V a:
Li Jr Ln Li

_jLi- Li0 0DC 0 0 4 + x 0 t> U xLi~F Li
a:+C-) CD CD/ II

/ CE
Va

CD)C Cif Cu
Li C LiVa CD F- .rm~1CDCDJ

1DLJ

Va Z CD 
CD

cr) Lr
Li

(D 
C- Ln- - - CD) tI -- r

0081 0091 0011 ON 1 0001 009 009 ON 0ON 0

A-82



- I
(SLu

0
0 rc~
-0 Um V) U) U) U) U) U UO LO

Li

cc U K 0n
0 - 000000000

Li Lu Lui 03zD ~ Cu Lu LuL L Lu Lu Lu Lu)Lz
C:) 0 Lu
+' C. I- I I I- I- I I I- I- I-(N
I -J Ll L I'L lUU 'UUL-) m) Li
x c
0 L 0 0 4 + X 0 C U I K0 C6 Ul-

ckc SLi
:D - 'D

Lu(F- (f)
(L) L)

D Lu '

0UZ C
0
-i

0 -
L)
0Y) I- CU') Lr)CD C) to

LuJ 0091 0091 o0o I 0WE:1 0001 00s 009 00 ON 0
U)

C'-

CD

Lu

OC Lu
0000000-0 C0

flc) z 000000000 F U')
Li [AM CD K) f)t 00 000(

In) LuID 0 cr) I I I I I I I I
E-4 0r 0

+ L p
0 Lu Lu Lu Lu Lu Lu Lu LuL / Li-

0 -

o 0- /
9

o~* LJI- C-
0\

LJ E F
U-)

C~ U) 0'i 0

0(F -* I-

Luw Ir
C0 :
Lu) >- /1 i
c') I- a) fl,

-~ ID~ ~F- -1-
mC6> 0091 0091 0011 00zi 0001 009 009 00 ON~ 0
C-)=

V)

A- 83



Li 0
CS cci

::D F-

0

co
o Li
+ .. 1Li CDJ

T-Li cm), 0
0,.f0 Co

CE CD - c) Co )
r C-)

LI 5
QLi
o Li C) CZ F-. - =o

CDo CD
IDC)D ~

CLL-

cl) C-3 -~F-A
I-.7 U-

ID I
0: CDC-1 r ID
--I C)

~Li'CD
ID 31 to

rID
CD Ln

r p
CrD W

C-) oo- OoU 00? 001 0 Lo0 rl
Ar >n iu c ,, j 1 Ll 9

0

j

C-0

- CD

cC) (-0

C I cc Cd QOND to
co Co) r

CD

L)co
CD

[LIZ oD CC
CL CD

'YE
- Co - Co

-Co
Co co

CD L4
Li CD(L

Co L

-
CD C CD

DLi

GD Co) CD CD cD
LO. CD .CDC I--

Ljo0 002 00N 001 0 01 s 0 00? s0 Z a
sI~d *~;3~J EH I~O3

(c
1

A- 84



0o

0 F
C t

+ CD

LL-3

C-) Co

CEo Lo
[Li to CD

K25 tO
Li) wL

to..

CD5 KCD-
CD

tocn
(NJ

Li N
(NI

to :
N

LO 0SLI 0991 0991I os I~' 0991 OSE1 091 0901os 096 C) rl
C-) H 'PIUc5Vk II

Ft o

0- V CD

C
+ h

Li t 0

(L

cn
0o o CD[Li z

. 0

C9 U
> t

It,

'-4 '-

zo LieQ
to
I CN
C

to

CO V -T
LiJ cn E L 091 9L1 S, S9V0 09 0 SEa0 0
Cc:
UD 0 1 "JO~'Ilud MO7J

I
K

A-85



Co
CD
ft
Do
CL F

CD
Q-) 0 CD
LiJ +o

('j
=) 7-

CD

rhE~ CC)

LiJ 0o
Uo -D C DIL

Y_- (

CCD
Li

- C

Li CL:

DLn
C

CDr -

CE:0
Co

>-~ ~-i CD
E

0

CL: CD
C-) U- CD ½

0 Li
U) 0081 s/8i OG 1 s 11 006 8/9 086 333 (1: ED

0T T5I5Ji 0 >

CL C'~3

K
7-

0 CD
~ Co

CD)

>0 CD
- Co

CD ) Co rqcv
=~ z I'D

Ti

Co
LiO

Co
w

Li
>1

CD

Co
Co CE) C

CD
Co

Co
CDK'

(C)

(JO

0
Uo 'D~ C EDoooooz 000009 000008 000006 oooooc 000003 000001 0 >

A-86



F--

0L; FCD
LI Li

cn m o

00000000
C. 6n66666o6

L- 0 In In N 0 r) (D
0 n z.Ijo LI

cC- rrrri. r
co r - - - - -ILI-I-I-
c +
0 _j H- I- I- H .I- I- - .Li z LI

CL Lo ILII1 1 1 1
I: "'cIV a 04 + x 0 .ax

Lin 
0L rIn

wr In

-j (7 (LCE:
2+ wi[if -L c
z C'i

D 0-
X

ck iz~
LI 0
cn

In

In 0 0

CD of 
-- -T1 - -- --T

008 1 0091 0oo1 I 0ON 0001 009 009 00o ON~ 0
a-- j ZdflJ~ZdVJ~I

-I

LI L
D

0L D
0 1--
+ u

0 H 000000-0-: 0
(f) = LIZ 000000000 If)LL. oI o t) In N on t)

w UrC z
-O D LID CD
C) xE Li_j I I LI LI I I I LI LI 

0
H H HH H HH H

0 t-LiJ z LiJ
L- In

aIll+I t 1 1

Lj 0 + 0
>-

In X In
Cr0

UI QL-i Z IA CLC: +9
o'- ('I LiJLI) H- 0 CD

E 0

m QI
0 H -~

LI 0
(f) z

Cr Cr
m 0

W
In0
f -j v)

ci I ~1~ -F-

0081 0091 0011I ON 1 0001 009 009 o0 ON~ 0J 4
]dflILld3cli4]I

wr 9 2
-j

A- 87



L
CD.

C

I--

cN u

[Li in CO Cf t C C CD
C Of CD C

Li
f-4 X CD I I I I I I I I I

Li
Li i i i i L L L L L

f-- F- F- F

Q~+ I I I I I I H H H LIJ
01 1 0 +x0 .

LIJ o CD

w Li

C

ZDu Li

wJ Li

(fr-i T ---T --- --K-
CD

U~)
N
Co C) CD

Li

(rLi C d
Li 'z~qIu~jzJHzli

I-
0_ff

Ca: FU)
Cj C!) C C!)C CC! U C!) 0"
(\) Li

L!)CCCOcDcDcD I() 0 : -CTh1N ~*&~
C

C)~ Li Li

21 Lii000000~u

H- H H- H H H- H- H- H
LLJI J j LIJ

0 0 4 + x 0 U[Li C +
CD

/ 'inLi +
zE:

-Li CDL
(N

7

Lii(j-) E L IC
M:

a: L
CD H-

a: 009rog1 0091 001 N1 00 NT0 oQE' 00z 0 8
-DO

A-88



Li
C-9L
Or F-
=) L C0

+U w: Q: : w: a: w: w: w: cr

+U) 2
0 N m 000000000 FL!-nm on
ED 0 r Lii

L+ 0

0 w

a- + k- : I L111
Li

0 0 A+ x 0 .mx

w: +
-I LiaW 0

/*~

EDLi i

I: ut

F-
a: z

NO0
(00Q 0-i F-- -T
Li 001 09 01 N1 01 O001 09(On 0! 00 0 009 ON 00N
umr

ui 'A i niH icAwii

Li 0

0 (9 0

a: i- o) m) U)) U) U) m) mU
U- W: a: ' W: Or- a :f W: Of

C'~ U)
0
+ If) 2:2:2:2:23:2:0:0:2:

(f) 2:z

z
ED 0UL u

U
m- L a U LI Li Li Li Li Li Li Li Li

EE~EE)

F-~ F- F-. F-' F-. F-' F-. F-. F-.
z t.- LI

gui ii Qi-
Si 0+

Li +
z Ck:

-Li 
Q
L. )

F-~ ~
-JoQ
Eli I 9

20
r)+

-U CDU) m:
U)- cl rgi-. -I

009oe1 0091 0011 00?!1 0001 009 009 Doi 00? 0 5 torl
a:-
Li 8 >

0 i '3dnli u VJi wi
-J

A-89



~1

w L-
.- I

00f
ZD~

C) V
+ 0
(\>

Cn D 0D Q C CD 0 C
0 0 0 0 U0 t"0 0 0

z ::::2222
H-Li- 0i
x

20 L WLi C0 z
-) CDL 0

0EM
I-. F-'I. .-. -

0 cnELI Z 2: LiI!!!
F-. 304'+XODIE

Li
O2D

x CC) crc
wLi z L0 F--'

Li
Li 0- Li

CD) Li
C-) 0 C

0 ~Li 2: CDcrc F-
Eli 'C/ I!

CD
V)
f

0C) U) r)
C

~- ~T -- I -T ----T-- -T- -- 7-- u
Q 0 0091 0091 001'I ON 1 0001 009 009 o0 00C 0 0
0 D

cn

-I
0
CD
0 2:
0 0

(-C C

0 o-) uD cD oD uD uD u-) cD c
0

0 F- T T- T 7- -r T
0 0
+ 0 Q0 00 0- : lC D C0 CD 0

Li -L Z 000 C;0'0'000CDCD
S 0000000c- 0-: cLi 0' 0-0 C -O CL U

Li 0j co U,Li ~

crc 0 -40CD F- F- f- F- E- E-'- F-- F-Li z ~ Li
[I]

OC0'1+ X 0 t>0 ) [4-
LiJ 0 C.-

n-'C IN CD -
0 -
0

j ~
C:)

i0 / /!// II
Li 0 0o

F.
Li CD 0

(f) E: -i
w -M

0 2 K
In) F- 0 Ln r)

5
2: F F~ T -~

CE
2:n 2:1 0091 0091 oGH I 0ON1 0001 009 009 00 o0 0

00 C
U)

A-90



LUJ
Ld C)
C9 C)
Orf U)
:D -

co
CD r

+ (. CD
N3 LU

CD
0) LU3 -co
z C

Lr)
_j ZCLT CD

CD C-)

o cn
0 LU

CL

CL z

c-
LU

-
CD

<0 --4 (
Uf)

of CjCD
CD

LU i
r r

r CD
C 3 cc

C D LC En
[~~~~~1~~~

C o0 ODE OOF 001 0 a-_ ujc)
>Li zWc L)

LU
Cc CDcc
0~ CD

CDr+
N) F

CD C)

-CD C)
C) C)C-) Zo 0c)

C) C)
iCD CD cDcn

CD.LL CD

c)
(6 SL-1

Ci '0

CD a C)
(F c Lo

U) U')

C) C)
C)

I N

ci CD - C:) o:)
C) C) C) 0

ON~ 0OC 001 0 01 s 0 E 0
L-) j ~nIu~5~nI oI~J *~~J EH IN]3O1J

A- 91



I

L)

tn

0
C
LDz

Wa: Q,
-I 0

L)
CD 0cii 

-01) co

oCD
LiJ

-EC

E-I
CJ

C5
LflCD a

cn
CD

-LJ
Li 6 N

--1T- -1- -1r- -r- -7-
CD) Osz 1 OS91 0ssl 09'vI OSOI 0SEI OSII 090t 0s6

J 3ifliu J4ii

LJ

0

::D

I

(N
m

CD
CE a: 

-CD cQ: -I
Li

F- cnz7 CD0LLi 0
CE

cof

CD

Lij LiJz
CD -

Cc)

LI
CDCD Lij

a: V)
cCc

- T C L)- -- 7--

OOOzi 00001 0006 ooOz 0009 003k 000H o00 0 C
C.) 72C~I~M7

L-- - - --

A- 92



u
C

C-",
L9

Li 4 CN
C

0 CDc:D z

W
LiJ L) 0

ILI, 3 06LJ o To 0 cn-
c)CD
(0 6 =

Wi x >
>

0~ u tj 3 Li-
C

q:-
G-

>-' Li C

r

cri
C-) 0

a~ w
~~1~ -F-

Ln 0091 ssl 0501 SZ1T 006 SA~ os? szz 0
A '~fliUd~dN3I

CD

C",

0

0
- CD

z

>-4 -J
L)

Q: 00

0 cn

CD

z

or_ Li

CD C-, 
4..

CDs
cr) x

-Q
Lj

F- -F- ~~1~ -r-~ ---
00000z 000009 00000s 000001' 000000 00000z 000001 0) 9

SO] TISS:IA NI wn fi oos 8
92

A-93



IL : 0
(t

+
L4

0. Li 00000o--0
U)f 0 w 00000000(s

jI Z C) L0 00 8 Kzo 0 hin
zDIIgl

-) h CD EA.)
J i hi hi hi hi hi hi hi hi

LI-

a 0 4 + x 0 U XI
M I-- /

azc

:D U L-i IL
F- tz C

C-) D -
:D -J

hi /cr)
0

co~
w K
mV) 0- i0

H 0:
Ui
U)

hi A ' ~dflIUd3dW]I

CD

ZD CD

0
co U))Ll (n (n ) V)U)V) 

+ hi ~ mm m F COm Li 00000CD0.-

(Tn Ohi 000000000 0
LI

z z rnoooa: Lo 0
D hi 4+

+.j ca c~I I

L-

0 I/ill, I
hJ i hi CLi

:D hi H-

:D wm 0

Cf) T: lip 0
r') 0

co C

0h

a:

A'

A- 94



H

CD.
0

N H

z U 000 00-0-~0 0
z

Ur) 0 0 000000000 U-)CI)0000000
LJZC 0 - - -nN ~)C, CD z

X CcD 'j I_ C-
- C) Ll bii m i m m 0H-

cdn i - I-F I-
0 i)Li 0 LiJz Ir
0 

-0~ + I i Ia_ a0 4 + x I>m 
LiLi~i C

L-
-J

CL
0

:D C.)LU

C-) Z)
W Li
m: cc

0 H-
I 0

Li

U) rI

n r

N 0CL' F- -F- ~1~ -I- (DL- F ~~1~
CI) -0 009 1 0091 ooi I 00N1 000! 009 009 00' 00N 0
a:.c 8 2g o

F-
C.-

0

Co
Z Hr

V) ) (n) ) ) fl) U) V)

=L; 99909-0-0
U) 0 H. 000000000 LO)Li Z U 0 *Ln~oocoooO
Of =50 z

Li:D 1 0 0D
(-4 C- Li iii mmliii 0aa C5 -2cc a I-- LiL i iL L i K -- 4

0 E:Eli z Li
Q~ H

gill+ x 0 D. N x Qi
L~

M: 0-
L- cr_

(D 7-

0 Mi
:D L) -j

(\j

C) flC.)
:D M L)

F -
(-4- 0u -j
(or) I: a:

w

CC
C0

NU) I 0;
(n' - I F ~1~ ~1~~

0081 0091 0011 ON 1 0001 009 009 001 00? 0

n

A- 95



Li Li

Lw

U) Lo Ln ) u-) V) U) U) U
o Li w: or w: a w: w: w: w w
m r 00I00-II0

m' ~ 9D
cn o 6666666660L IfU

zf LiD I00
Li r)L N0 ) Wz

a3 P) CDI I I I I I I I I
L. V4

,L I
-r-. F-. r . F-. F- I-; I-- Li

LL-
LL L

Wi Z
Jz 0

C-) NiL

rq.

Li
UI

M:zW
re) Li CD

N w Li '
CQD Li u

W 008Me1 0091 Doi~ I 0ON1 0001 008 009 Doi 0OE 0
mE >,
C-) m j ']dflIUd]JN]I

U-z
Li Li

Li
:D CD

(NJ CL
o) U) u) o) Lo n) U) U)

Li Li
+ Lfl
" NJ
M:U Li

rf) Li 0Y
0 ) Li) Li Li Li LiLiL

-Li L )C r
LD5I I I I I I I I 1 I

0i Li J-l Li Li Li Li Li Li Li Li w 14

- F-. I-- F-: - I- - E--. F-
Li-

Li_ _3-
a1011+1101P 01

C!U)
t)

CEzLi D0-

LLi1
CDJ

D Mi-

of 'p
0 I--. a:
F-4 -1 0 0~

Lim Li
t') +

fi
r"CC

T-

L0081 0091 0011 00E 1 0001 008 009 001 ODE 0
a:-
Li J 'flIUd~dL4IL

Li
-I

A- 96



C
0>
*C

C"
cm) U
+:

C
m~)h

U) U) U U U U U) U UMI- : z~ E: X: -_ E: r-r I:Li hi
0 -- zw::D _jz

hi C
c C

2Q U) 11 1 a a4+xLi~
a- Li-a-

-i L-
Li

U- :0
(A-

(0

Li L-

*9 C
-) C:)

a: V~
2: r)

c I--
Iu w

c 0z LC
Q

C

~~1~ -I-
hi C 0081 0091 0011 00cz1 0001 009 009 00i ON 0
C-)

Lo

D-

Q

CD C
U) U) U) U) U) U) U) U') U)
a: a: w: w Of a: af W: ft

M:::::::2:2M

C0C0CC0C C-0
C)tfn Cz CC; C C CCC LI')z 0 Mn 0C00C CLil C o rt) Li)N r-,oIn

(Y I zW: 0 hi=D i a Ca !) I1I II I
-) r f hi C

-J hi hi hi hi h'i h'i hi hi hi

F- -a- a- I-. 1-. -- -Li z m:

CLi- I-- aI 0 4+ 0P.m

CD
L' /1!! T

-J U : 0~
C Li

- CD
0 ) C"

2: N III'
0 a-

LlUL CDU) ~ -i
-Ja:0

Ci
r.. I- Q
N(~n / I C L-& n ~~1~~ ~1~~ ~~1~~ ~~1~~
hi In~U) C 0091 0091 00ov I 0ON1 0001 009 009 00 OOU
C: C6

F,

A- 97



CD 0
V) (f) C0

C0

M -
-

0

Wx Li -(0

0 Z1

06

LJ] OD

~ZZ o rD
(0

CL) .(%i
L)

o

:D E:

in .D

CN
ie) 0 C;

00o
N 0
0 5 ~1~~ --1- -F- 1~

(f 001i ooC o0z 001 0 R
L) L) 3 '3 fliY83djwm

I
C.9
c-n Q 0
(-
0 N
N ('-3

CD
-i F

CD
C;

0
M0 (6

7C
-0 0 C

C-Om aco
z o V)

CD 0
o CDL-

a-c CoCo Li Q 0-c
CD Z

F- Li LiCE
In

C-9 -CD

CD
CD

:D
En 00

N
(D I I -- T- -- I I1
f)oot' ON~ 0ON 00 0 oz 01 0 s G'z 0 -
Li 3 idlJniuddwii SISd Ssld0  EH IN33Odld

52

A- 98



CD

C,, C
C) NN

-J

LL- 
0

C)
CD

C6J

CE 0
(f 0

z
IA: -c

a: :D
L. 0

LL'

z -3ILI

ZD o
~4E

0 U)

ur i 
0

N
N
N

CD _ _ _ _ _ _ _ _ 0

-- r- ~1~ ID
C.,

096 rl
.j 'fiU~diy.J3im

C

0

-j

Li a

CD
U)

CO

C)

C. t,-)

CDL
> '

C~ C)CD

D

-- T--- -- 1- -- T -- T -- T -- T- --- r- LC 10
U O'Z i*z0 E 91*I ~ *1 9*0 i*0 0
a
u WOTX

A- 99



Q

(f)
0

00
LJ C;

:D

a:
LiJ 0I 

0
OD

(D ODCL 
41 C3U)

z
CL oC0

LiJ 
9

Eli (0
In

LO

7'.

C)

i
C-) a)

t"

Lo 0091 SLS I 0scl SZT1 006 SL9 0 ~ S.

5 j 'fliu~i3d oi

V) N'

0

(-j
0D

LCD
L.

-1
0
0

00
CD0

OD
F- z
Li-J
zL :D

0- CD

L)
37- z
::D -i
F--4 C-) 

Uj)CD
C)

r) N.

N
(D r--L I I - 00000z 000001 0)LIJ ODODOL 000009 00000S 00000i' oooo0C
0 S] '13DSSA NI wnfiUos

A-1 00



QD Li

Q- 0
0>
N CC U;

0000000-c
LL

U
Li 000000000 U.)

LJ 7 L 0
z

C)
o' C
Z:

Q0 +zw ELJLi
Cl) a 0 4 + x 0 to 0 xLJ~, 0

A- h

Li N
CD

OE
MDz

C-)

H LiF' I ur 
0

w cii

CC 0 0 ~
NO
(Dw i L 0 (0I- -T- -F- ~~1~~~~ ~1~
V)'- 0081 0091 0011 ON 1 0001 009 009 00 00z 0

LD u

CD -i

0
0 0NI r, D

-j

- H-Li OU)0000W000 0
Wno - U)

La
J0 1111 000 g00r-0L) zD L

Li Li I I I I I I I II
-lJ irrrr

c 10 H H H HH H HH H

Li-a -) aii 0 1+ 1 11a 0Li-
_j a

H'

-J z Li

0D 0
L ) F h

C)n0

= =r 0
or, - %
H' _ji t' 0

U-)

w0
M:) 0

0: D
N(Dw I -L 0

T -F- -F- ~1~ -F-Li
U - 0091 0091 0011 ON 1 0001 009 009 001 ON~ 0 9

>

2

A-101



0

F c
a: Li) U) ) ) ) ) U U U U

ca,
00000000 0O

-3 rf66000000
L C3 -MMU)NO U)

a: 
1110000000

D: o r- Li i i i i L L L Li
0 - 0 U) t r-t rr ILiJ
CL + ILi-

m C. 0 0 4 + x 0 p. 0 x 0
+

-i zZ L
0 Li-

DL) Li
a-

C-) Z) C)
=D wm u
0 a- -a 0
FH ~L i /
cf)

r- :

waC
m:L 0

ON KFCo a- 0
~~~1~~~~ -

0091oe 0091 ON I ON 1 0001 009 009 ONt OOF 0
a
u0 J '3~flIUdZJkflI

V) ci
a- 1--

U) Lo V) U) U) U) ) U) U)
a: : : : : a a a a
mmr1m111m

Li 000000--o 10
6- 6 000000 Z ru,Fr-a 00000000

L Q - r) M rl, 0 tn W
z

L) 0 W I0 I I I I I I IC!)

-i
0 c a -- SLiJ

LLi Z I- I-a -a - -a -a LiJ
aii 0 A + UL-

0
LiJ CC +L. 0(L

a:- CDLi +-J z a:a: L0 LiJ

Li) n LI
1LI

0 I-~ -
(--4 Li- K
(f) r a:

a: u L 0
iU)

U") - 0091 0091 00,1 I ON1 0001 009 009 001 ON~ 0 (D
a:r >
uI Q:

A-i102



~1

co
-LiJ

0 wi 0
Co

z
-1 0 V) U)n U) ) LOO LO ) )U
- C
LEJ
in 000000--o 0

C9) 000000000

M c,'L) ~ 0 r) WL
Li 0 (N z

C) re) 9I 11 1111
C 0:, i L CdLU Li i L L

~jjz -~ a 0 + 0 V 0
0.~. -+

L.] 0
t,~

-j Li z

ZDC- -J 0 Cl
F-, , I-
c pU
:D LI
0
V. C) 0

M: z
" C)

Co 0D

*j I- I I
LiL. 0091 0091 0011 0oz 0001 009 009 001 00z 0U)

A '~flIU~dkiL

a_ CD CD
0 M:N' r Co(,

(f) Ln 0
000000--

Li)

Li'
0 wf z8 ) u Lui U ~. ieCLC) u CD

Li 0CE: C'-
0 w 0 aii 0 + llSpm ~Li Z Li

Li
C;U LA.

Li r 0
LI

-J Li +

CD
0

:D L) 
C.']

C-)
l:D w

0 5-g& *V. 1 0 0Li

r + *

0
-oJ r I A _L 9C')--- T-~ -7- -T-

Li L- 0091 0091 0011 00oz1 0001 009 009 001* ON~ 0(n)

0 i ': nfl ia odWi
-i 112

A-103



V)
0

0>

L- a:)
w u

00o0000060 Ur)
00000000Lj 0 tr) Ln)No Zn

Q: 0 ) z
D U) z LiL9

in4 0 w a a amama a 0_J

0 0 -1LLI Z (n LiCJ0 i0 X~0~~'~ LiJ
_j f- Li-

LiJ c 1 -I
(:0 T

Li-j z L H'
0 0~

0 Li
C ) H cm

cL) :3(
D r r
0 H

-j 0u cr(F) E 0
0

(n

0

-I- -F- -F- -I-- 'I F
V) 0091 0091 0011 00Z 0001 009 009 001 ON~ 0A '

U) ~JflIUd3dN]I

N ) 0

_j U) U) U) U) U) U) U) U) U)

Li

w Li 000000--c0 0
000000000 .
000000000

Li ui 0 L,) U) o U) (
0

D L) a: CD,
Li algal auuu 0
_io

0 0LL. z m 
LiJ

a00 4 + )c 0 1> x Li
Lia: L-

[-- 4 L- I

-j L)
Cr

:D L) H 0 c:)
(--4 * L-

C) :D 0
::D Nmto .9
0 a-

-j 0H' ClU')

U) z -

~1~ ~1~ 9L 0

U) 0091 0091 0011 ON 1 0001 009 009 00N 0oZ 0
a: (n

U) A '~flIU~d1-J3I

A-104



0

00 l)

0D

ci
Lo

0 N ui

E- N (I)
m: - CD c

4ij
0~ - Li

U-

f- L) o CD-5
z

[I- (a - 00
CDw
CD LJc-U)

-J 0i
CD (E
71 wn

D I
a: Cim M CD

ci
~ iw - (NCDE:C r~.

(N

CDCO rDu i -0 t
V)C' -O-

Li 19 oo ON~ 001 0 t
UI~ u

A '2dflIUd2d~4]I

Li C)CD

ci
0~

C
cflc 0D CDLO

CD cy CD
(Njd~c C)

1+ CD(N C CC-) r CD c
= CCD -Co

C) CD CD

aD0
Li- 0D

C ci Cf
I c 00

CD U"
C Li

1 4

1 4K n Ln

:D
ci Cij

CD

CD ci ca
CD C CD(

r~ 61
ON~~ -F--w00I, 001 0 01 s 0 09 * Ga*T 0 L

L) A ']iF1iu !]dL~i 5 1IcJd SSK d EH INIOdd

A-105



0

(L (N
to

CC

0

(N
0 0

Li 2 C6
D r- -0

F- u

CE: o02I Of
LLI I-.a-

to F~.Li

LO

:D cr
CD :D
C-n 9

LI

LU

0
-F- ~1~ ~1~ -F- -1- ~~1~ 0

OSLI 0991 0991 osi OS EI O9 S 01 0911 0901 096
LU

j '3dfliu83doi4

LU 0
CD

CN
0- to

C-
wU

LU ( 0
E-4 +
M N

of:X 0
C6LU 0CO

I- o CD

> 't.
ci: LIJ

C92
IL

In
0:

IJ
'-4 '-~

::D LUI
(N

a:: Kj
2:

0
c

OD
(D r-------T- --- --- 1T- c

9*1I i I I 910 9,0 i'o L) t"

01)OI( wNos 'ILud MOij 0

A-106



-A

u
0 0
(Y-
D
(L

u 0I
Li. W 

Co
L

(L-
L
40
CL o: CD

-a:mLi ] (D
OD

0-LO

C LUJ

CC:

0

C-)

6 sCo r- -- T-- I I r- -- T-- -- T- I
u V)Lo 0001 szsl OSE I SZ11 006 SZ9 os SU 0 6
cr du-

j i luddi

L-
Of

N

a_
I a

Co

0 Li 00z 00
2CD

LL.

rI0O
V, LU.

::D
Lr)CDoZ

Li
E: I N

or f

F- ~~1~ -- T- -- T- --- r-- I
0000oz 000009 00000S 00000i 000ou 0000oz 000001 0 9 N

5 e82 '-11SGA NI wfliGoo 8 g
gs

A-107



z

0
(L Q

0
v) v) u) v) U) v) v) v) v)

a:

000000cj-0

ID
0 LD M0000000N I0 - in L K n rco
X: aiz C. L I I I I I I I I I

w iL iL L iL iL

c~z -1 0- F- F-. I--
IDJ

LJ
04 + x0 0 0 0 II

2:
U) 0

LOi (L:D 0
NC-)

z: (-0 a:: 0)

Li Li
Q

0 n ~-r--- ~~1~ ~1~ -F-- ~~1~ C)0 L)
0081 0091 00o I 00?z1 0001 008 009 001 00? 0

0 ]

Q)L)

Di 0 
0

Ga: U) U) U) Un U) U) U) U) V)

C- 00000000 10
coo0 rui

NI- 03 -nmNU N. nw C
[4 0 z

CD I I I I I
+L 0- Li 

0
rrr

C.D
LiJ

cr- U D10111+1 Li-

n 0
N I) B-0

I_- C:)
H'l

M r) 0

0 >
Ia:
c-i G

I-. 0
OJ L
CO -

F- i-0
Li 0091 0091 0011 ON 1 0001 009 009 00 00N

a:
0n.a i flId5

0-

A-108



CD-

0

C)

nja:: 0000000-0 0O
00000 8 dgg0 0Li + z to-r" 8 Rw

5t r z
:D M: CD 11 1 S no o lc, II

F4 CD

a: Errurrrrr
z Li a- a- I- - I- E- - - LiJLi

LiJ
0 0 + 0 a1 1L

1-~ C)
Li a-

CL)
LO

CrU- ( a-
- ~] + Li0:: - +- 0:D a: z 

t MD
C-) a:
::D a-Li

~J a- 0
F-4 Li ~

C) Lim: CO

-0

-F--- ~1~~ ~0r ------ T-
0091 0091 0011 ON 1 0001 009 009 001 00N 0

Li >
A dfl~iud dijw

a:
Li

Li
C9 0
a: C9
Q- ~

Lco Cr) U) C!) C!) !) (n C!)

Li I--
w:L 0000000-0

a:(\ c r0 Z 000000000Li + 0
z

rCD Li
M: Q) EEI- Izr- r! zO r E:

Li 0
Qf ZC LiE Lia

C.- a- a- a- -- a- - a - a-Li J L LiJ(L i) II IlI II Li-
-C) 0o0o4+ xo0 D 0 0Li +-~

(.0

-j tV) Q-
a: C!) CD

- (N CDLD ,

C-) no
m 0

or: -
F- Li - Q

rio
-i)

0
a:
Lo L9 --1- -7- -1- -7-~ --1- -1r- -- T-0

Li -j 0091 0011 ON 1 0001 009 009 00' 00N 0ci, 0091a:
Ui Li

A-1 09



7

L6

z
.0

UCC

0000000-00 0n
rcn N 000000000.oz 11)000000o0t) (Lii + 0

z - 1 O 0C
Ci

(0 CO D I 11I1I
+ CiW: N _J CiC iC i iC iCa: Ci af V- f--icz m 111111111wLLJ ; _ rEOrzrzrzz Li-o~. + Li-

N6~
)E I- w CD

(D L
4 +

-J zCE:U)- :)
0

I-
8-- 'p
U-

C) Ca: ~-
, (0

-I CD
J-4 Ci a

zF u L 'p
1--

tn

0 0

(D 0 L CD

COO , V)0091 0091 00 1 I 0ON1 0001 009 009 ON~ ON~ 0
i 'ZdflIU~3dW3I 80Ci

z
0

C

CO y
C O 101 m) 100101O0 CO
a: a: a: a: a: a,- a: a: a:

Cnri L-
000000000 0,

0 100000000LiJ + -0 - " (- zi
110 Ci

CO
0; Ci

a:+CE: - i a-
0 z~ - I- I- - - - I- - - L-
Li ~J+

a: Ci
F-. 0 0 4+ x 0 r aX

LiL -
CO4
(08- 7,

-J
c]- 1)0~I0S1 0m cr - CD

Mn
c~) n LI

ft::::D I
a:

0
Ci I

c) r C
a: 1--
m 0

(+1 
0-J
0

-F- -7-- -F- ~1~
Ci I~ 009 00 ON~ 0100 0081 0091 001'1 ON 1 0001 009
Un-
Ci

0
-J

A-110



-I

L C

0

Li V)

(Uf) Di Li M000000-00of-- Kjw + LI 0 (1) U) N 0 r) ED0 Di ~ z
LI -11- -1

z
0

LI LI LI Li Li LI Li Li LI
CI-1 JI

- UO f-- H F- f- U H- H H-Li-j a: LLi
0 LirDi H ai 0 4 x C m

H
LL- L -

C9

V)

: U) Li-0
C-)

Di

::D
0 H -

Li Wl
1-- 0

0

tn -0

-H
0-
U) ~~1~~ ~~'1~ ~~1~ -1T- --1T- T-- 0 6C
Cr0 009 1 0091 0017 I 00ozt 0001 009 009 001 00E 0 d3on

UO

Li>

0
LI

Li Li
ac O 0000000-0 0

c) (\j z 000000000U) 00 00000 I-I)Li- + L 0 - r) 0i N 0~ nCD
0 Di z

CE) Li:D a_- L 11I 1 l I1 1 1LIIU 
0

LI V0 Z 1J5 ji LiLI L 'I U L LiL Li

-i r
~ H

H- H 0 0 4 + x 0 . U x *Li-
Li L- E CD

0: ) 0

j0
WI 0D

0 H
F-i LIU) 0

zF E-
wI

0
F3

D (DC
U) ~1~ ~1~ ~~1~~ ~1~ ~1~~
Cr0 009 1 0091 0017 I 0ON1 0001 009 009 00N 0OF 0 T

I co 0 UL) LjU) U 0C)cr

A-ill



-1

Li
LiD
09

0- :D
0

0

Q0 Li
0

0

cr_
0

~Li ocn C
- L3

CL (N Z- o CD

CD ~C

0-.- L-1

-i 0

U')P--- ::D I
: 0

F- (N CD
*Li V,

r) (N

(N
(VC 0

0
N Ln
CD fU) C C:) to

C3 - ~~1~ -- T-
Li -j bi

0 (D00)co oo ONC ON 001 0
C-) u~ A j ni id i Li

x -.

wi
CD 0 0 0
wD

u C-CCn cr CD (0
z- w
0D r 0

CD 0 CD0 co
CC)

C-)

CD L co
CD

OD C)C-J
-LJ

C) CD

C- U-) 0
0CDf) CD

0 ~
CDj

C 0 0

(N (N)
(\N

CLO 'n

Co 0 0D (,j Ln I
-1r- CD 0 I~1~ 45 O----r- r- r-- W8L~n o0 ooz ON~ 00t 0 01 s 0 s

a:
C) j "idAniud~dLJii 961% 'SsdJ EH INIOdId

0I

A-1 12



Li
0

(L

Li

Li- 7

CD
Li -

LiD

(p)
0

m

('3

Li

C0 N 0
*.

-F- F 452
(J*) 0SL1 0S91 0991 Os I9~ 0SE1 09 I 0911 0901 096
a: J ']~OIU~5N3I

C3

CD

0- (Ni

Li

Li 0

CF M CD

wi

D0

Li -~

> (-.3

CD 0

a: Li
Cr)

C9 -J

ZD
~~~1 X
'-4 i- 0

Li (-'3
N-

('n

0

~1~ ~1~
00091 OOOH 000Z 1 00001 000e 0009 000k 000F 0

CC

A- 113



U
CDJ

0-

n L)
Li Li

w
LOK

Qf aDH
4j

Li I CD
C
E

LJ) -i CD

QJ

0 j
tD -F-

062 ON ~ I ~ s l EI SET 006 oZ9 os F7
C-) J 'flIU~JNZI

(NJ

C-) F~2
:

(Ni Ic

0

>.-4

CD

CD
Co

C )

CD ::

CD NK L
OOOOOL00o 000009 0000oS 00000i 0000oC oooooz 000001 0

a: 8 uL) S9_1 "1l]SSA NI wnfioos Li

A-1 14



EL-
0

(I to

L)

W u K
ociooc-.,- C

LJ N~ z V) d N dd o U)
m 0 z -4 -4:D. C-, CD

Li90 (
Ll Cr JI i Li Li I i iLiL 0CE

0:: - +
-1 -1(.5 LiN u LJ

a 0 4 + x 0 C. a x Li-Li CL-L
(-4

C)cr U) CD
cr-
Dr u

L) D -

-Dry F-

(-4 _j Fr

zL3 K
cr C 

V)
li

ND 0 V)I CJ r

Li >-. ~1~~~ ~~1~~ C
U)o 0091 0091 0011 00 1 0001 009 009 00 ON~ 0 (D

0>-

IY-

Li L C
MD w

U) U) U) U) U) U) (n U) U)

LiL
w F.

Li 0cn) o_ 0000000or_ C
Li -J00)0000

z
ZD c Ill1ll1

CD
Ed E ji Li i L LiLiLi i L L

(A-
Li LiJa - - LiJa-.

L ( D004 + X 0 C U I LL-
LLi 0

r;-J .~0

Lia: U)_j ,
N 0 LiJX -

CD'
f)

D w)
c~3

UI 0r)

m~ 0 V)

OD CD
CJLl IQ-nD-1- ~1~ -7- -1- ~~1~~ 0 0bi
(2i- 0091 0091 0011 00z 1 0001 009 009 001 ON~ 0
oU)U

A-1 15



z
0

C-9
w C-9

0
m X

F (-
L) i

0000W000--
+N\ (L 0000000-0

1.0
+N CD Lr 0 C) 0 0 0 0 0

- t) U) r-, 0 t) (0
z
0l

Ll Li
CD I I I I I
Liz ~iI 0

-J-
F- I- -. - - - F-

i I: LiJ
57' - C-) I I I I I I I I I LiJ

L- Li 0 0 'a + X 0 D, N X

0
0

-

a:U) 0
(N

CN)

cFJ-
cu c -

U-) r :x

w :
V)
!E

0 (V LnCD- co
-7-- lC0

(OW-008 1 0691 odu I~ g 0 oZ1 o00 008 009 ob OR~ 0
a:
Li 0 goA '3dF1IU~fl5L-J3I

r

Li
H-

LiLi
CD w~
w Li
D z 0(L 0-o
Li CD U) U) U) U) LO V) LO U) UO
ar a:
Li r

(N)

MfO0000000N CL
= I a z

CD LiUD 1111=D + Li
-J L L L L L L L L L 0

zzrErrr~r

FI -H - - H- H HH
LiSN 0 1 1 1 1 1 1 LiJ

0 0 4+ Y 0 x hL Li CD

a:J

0
CN)

CD )
:D I

F -

0
ni Li
(N H-0: L
(0.1

T ---T-- 0 8 'LLI(D0081 0091 0011 ON 1 0001 008 009 o6 OOF
a:

0.. A dl~dd4

I ______________

A-l 16



Li

L) 0
a- Of

Ui to
Z

C)c

U F 0000000-- 0Lr) NM- 000000000 U)
LI

z
N:D. CD r z rO I--C

-4 + U. 0CE e -J_ Il il-lz a::
U U U + U U Uo U U - LJ-Q N+ Li

LH w Li-
LL. N- 0

N
(--4 0OU

z.-J 0-
a-

0 ILi
:D cr Nz a-
u--'I U

p~ LD~
:D V,
O -I--

-J 0[--4 uw
z) L)

m~ L)

N w 0 .1
0D

I I -F- -F- VU).0 co-0091 0091 0011 00z 1 0001 009 Goi 00m 0
a: :.

u A '~flIU~L~dkflI

z
0

u u
C9X
w CD

F o
L)~U)
U+

000000000
Nw~ 0,cT) 0 E: 00 0000000

+LiJ N H
r U z

U) CD
w 0

U- + -ja: z (L
cr-_j C.9 Iuuuluuu,Li + LiJ

CQ N- wk
H-z

U- 0 0 + x 0 C 0 0
LLI -N-N

0
-

Ual: U.) 0
f -1 0 Li

E: c - N
cr

(~j fl

I--
IQtf

0 CDF- u -j
c(n~ x L

w H-
m: 0
ri) +

N C 0
OD(0' 0H I -F- -I-
Ur U 0091 0091 00il- oozi 0001 009 009 001 'ooz 0

00 A '~dflIU~]dN~I 0

A- 117



CD u

a-> 0

x ) mmmmmmm) ) U U U U

CO 0 Li+ 1- L-U)Li NM Li= x 0 z -) -) -Ot1
C)::D Z CD

H' 0 Li iII I I I II
*J C-) _J 0

- j ': j,-J U)ro LLI
CLH- H Li'2 LL- a004 + X 0 1> Nx LL-Li

H' 0 -1
(ICD

a: ) 0 r)
(y ID (NJH 

0 LiH'- L.
CMC-) 0 CD

4..
C~)

f-4 H
x 0

lr 0
-1

CM 
V)
1

C\) H- 
C

a: ~~1~ -7---- I- I0
C) 0091 0091 00ot Iog ON100t 008 009 ON~ 00F 0

CD

CD>.

-0 C-) CD
U3 r

a: Li U) U) U) U) co) U) ) n C

Li H'r i 0000000-- 0
CM 0 000000000

Li CM\)U nf 00 00 0 00
M : z

CDa:- C)E' Li
cFLz )eV

Li I-H H - H H- H- H- H- ELI
Q~ CMf-

L k- 1101A+1101
Li L 0 I-NF- 0 NM Mi

CD L
(NJ

p~* 00
No

0 1--3
u LnCC) r:- 0

-JX

0 cli Ln

x: - II -n
cce 1 £091 00i I CGZ CO 1 009 009 oC CM~ 0

U) 8
'o

A-118



CD
w )

In
L D

cr F.
(Y Li

CD+ 0i

(0
SIU)

Li z - iCO

- Li

ci CD

Li: U)

Li (0

C-9

L -

_ j1 Ci
*:Li 1'

:D r

M) Li
r) C Li

CO CE) Li
I I bi00o1 0I 0 00/ D DGE 0

CU) U3
i " i jniu idwii

of

CD

n a
Qf

t')

(0 CD
Cl

Oi
E)~ C6 CO

CD L 0
C-)Z

0

00 CDCD

CC

Lij

LO ILi
CD Li C')

r- 0i C)

(N] 013

-~C
-E

c-I"

cn ' Ci Li
00 9
(D 0, 433 II LiI -- T- I

K01' 090 00/ o O9E 0 01 s 0 0
mr
Li i '3dflLud2JWoi sISd *66381 EH INIO flcJ

A-i 119

L



Li 0
CD,

0

C-,

:D Li

0_
')

0

0

LiJ

a
i00

(C)
Un
(- j z

I III S
0S91 ossI 0SH OEI1 0sI 0511 0501 0

j 'fliiu~idwii

C-)
Q-)

CD

a:) 0

LY C OD
C)

C',
HT cn

00

CD

0

CD

C3
o

C:)cro
C-D

r-- 
---- -- r - - -r - - - 0

9-1 I Z* l I 9*0 9,0 1'*0 '0
XE
L-) OI> Aos mo-IA

A-1 20



Li
( 9

CD

a- ('I
n

LI

0 CD

C:
LJ&

KQ i
(nl

LI -
ID
CD

-)

LIJ

C

8
'flnjedwal 'JA)~qnS

-J 0)
r

: '-'3 0
/

UD r) 
. I-

00 0~N*(D CD co
~~~1~ -F--

a-
C)

j ']dflIUd\ dCJ IL

C)D (NJ
(r

Li

0
+~

x 00

CD Z
-00

=D
CD

U) LIJ

MD C 2 -

CD n 
In

H
-J
Li

I (NJ

OD
CD

r- ~~1~~ooooot00o 000009 00000s 00000i oo0ooz 00000e 000001 0
a- .
0 SO-] 'T6S3A NI wnfioos g 2

A-1 21



Li Li

CL 0

C:
L) K

Li

(\1Li 000000-0O 0

cn) LiJ NLi 000000000
L K0

Li Li

Li F--F F-F - - -Li (r: -Ja:

Li- Li C0 L-1
NLi
F- F-
Li Li 0 0 4 + x 0E,

Li Li F-F- 0 Li /
Li

C-) Qi
/

~~1+

ID CD
::D CE -j K
ID Wm

Li~ i
cD

Li CO K2

Li0 0
00 CD C

LF-0091 0091 001v I 00OE1 0001 009 009 OQE' ON 0
u:

Li Li

Li

(0

JW mi vi u-, u- u) o .n Li Li
w: x: o: w: w: a Cif w: w

Li
CEl

Li
CLi a:

0 - ri Li) N- 0 n (D
z

CE ( LiLi 11 1F I I
F-- a a- Li

Li ~ -Ja: z
2i Li F-F - -F- F- F- F-

L C
0 + V. 0 mx

0

F-o x

0

a:0ID 1: CD
Li F- -~

2 Li
Li - 0

Cr) ~

CE 0

Li Li 0-
00

CD tD/

Li CD 0091 0091 00H I 0DOE1 0001 009 009 DOF ON~ 0 ~
u u

A-122



Li
S Li
~: H
C Li Li

Li
Li0 0 ii 0 0 ii
~Li x x x x 0:
Li~ C

0 7c~n
rfl C CL ECV~

z
M- c LiLs
Li~ Lia:

H -H H H Li
Li . Li

H ~ Li
Li a 0 4 + x Ax
- Cr~J
CLi

C
-i za: 0

-i

-~ ~
- H

E~~L Li
C C

C
C

Li ~

H
w z
7- Li
r' Li C

OD 
0Wi CD D N

(00a 0091 009! 0011 00z 1 0001 009 009 0Oo 00F 0 un

Li

z

0
u ~ H

Li + C
x )

c(f) L- 00 0000-Ocoo
+i 6666666n66)(
E Li /
:: .L Lu C
ELI + ~a: z CL

Li
Li - C U-]

H H H +- H I- HD. H U-
L- - 0
-~ -~jIN -
0

*4
-J
M: L 0 Li

-c a N CD
E- Ia:

C-JD p
:D W

~i 0
-10f-4 u i

m 40

CD 7-- C;

(H ~~1~~ IF
Li L. 0691 0091 0011 ON 1 0001 009 009 001 00N 0(n 0
a:-
i A 'IC nud~dkj.L

tn

A-123



Li wi

CD(La:

0 Li u Licnm m m u

0000066c;6 a a a a C
L)

LD Li
00000000

0 -to Ln N c r) w
wr 0 L z
u - LiCL rz Li C-0I I I I I I I I I

Li C-j LiLi Li Li LI) Li Li LiJ Li

-JL EEEEEEr

Li LiCi0~ VZI (N C 0 0 + x 0 m x Li-a P.

Li
F-

(0

C', C
-J 0
- (NJ

ID a: ~- 1-~~
U L /-

CD 0 (0a:ID ~E
~ H

C

Cr) £ o V
a: Li *

C
(0 o

CE:
w 0091 0091 Doiv 000OE1 0001 009 009 00 000E 0

U: Z J DId~3JVflI

CD
a-_

wLF
a, w

Li (n Li Lin Li Li -i u-)L
aif w: a: c0 U: w: ftr U

CD

0 o - 0 0 D 0
z

Li
0

Li LI I I I I I I II H
Li 0C

C

L J Hz

0~
CE co C LiCD ID

Li

cn a: Hi

DK
0

0> D

Li C 0091 0091 o I E1 0001 (~" 009 009 00 000 0
mi 0

uLD A fiiU~35VflI U

A-124



Li
0

vi
U)

Q0

Li u CD

CD
Q L LI

ZLi C CD c
lz

UO - co 0

Li CCD
o~. CD
l-~ UD-)

-J
C-D ir N

C:4) W U)
m 0

j -N-J Ciu- L

ML- 
CDt') 0a:

0 F-- -- T- -- T- C; u
ON~ I S6 0S9 SEE

CD C 88A '"dfliu~idw]I u t..
x C-)

CD
CL
0F

-JC\ -(0
-co

L- CD
F-

cq C6Uior_ CD C6 CD
C)

D
c)(,

=D
CD hi CD CD

Ln CD
CD 1E

:D
CD

Li) CD
a)j

CDEL
- Qi CD

-6) O N(N N~
N~

D
OC: Li ul
LO --- C; F-- CD

0Oz I L6 0S9 SZE 0 OE 01 0 001a: os 0 u
Li A 'dfllu~dk-43 9i~ 1 S- H IN]O3Jd U 

L

u 0

A-1 25



CD

0
ND CD

-

co

U3
w

CD:D z

Li -J)

ILA

C~D
CC

:D
CD w
c-n

0

CD
En CD V)

(r I~C I i III
2:

09/ OS99 OSSI OH OszI 0%1I 001 0001 006

A 'dfjiu~idwJii u A
2

a
0

(0

--

CLE

CD

I-. a

ZI Z -1

a CDa CD
F-.

CD : Li

C- Co
C.-

DLI w
I-.

CD -JLi a~m~

O CD OD U)

CID -T-~ - ---- - -T
CO r-- 9*0 ' 0 TNE , E 9.* F i , E E 9*1
C- -JJos 'Ilu MO-li o1

A-126



7

Ci
CD N
V) -t- )LO
0

(f) I 0i

a:) I
G: O D
ft w
Li.

0::
Wi o r)37- zLiJ

,-j (Y
N

Li - CD

OD
Cn Lij

Vr) -]

D L1')

CE
ci

fl
C\

r- Nl

CI: F.)
L) 00 ci

aX)
(D -- -1r- -- 1T- -- 1-r-
Li o09 ssl1 0szl SM1 006 GL9 0oE7 0 8
V)
L) J 'idfliudidL4IL

N

0

ci
co - CD

af

co

CD Li

-i
Li 'i CD

H-

LiD
I_-~

(-) C!)

F N
N

i
-ci -. -

a-- a) OOOOOL 000009 OOOOOG oo0000 OOOO 00000z 000001 0

£81 'fl££3A NI Wnhoos

A-1 27



-AI

H

CD

V)> o
C-)

0
N

-r H 000000 ---
CLI 10)mz 0 IfO 00 00 00 0

z
0 LIC-9 I I I I I1 I1 1

M~ Li
C: Li u
0 Z ~ -j LjI LI LI: [-- fLi Ei L- ;i LILi Z! [.f H H H &u H

Li IIIl lI lI
00a4 + X 0 D.a3 IWL -

wD U- 0Li
vLU)

mi
a: ) CS

-J +l
cr LI
L- z

u)~ -

I F-F-I Li =
C

r V)
OD 0 

0 5C0 V)K:
~~1~~ -F- CDLI > 01 001 0~00) H09 001 OZ1 0001 009 009 ON~ ON 0

Li>
Cr A ]ifliud3dwii

H

C3
- 1D 0

U) U) v) U) U) v) U) U) U)

U) 0
Cr 000000 ---

LO
000000000

cr z
LI
CO

w I_- 0CE U rrErIzrnE
0 zH H H H H - H H H HL3 -'U-

I-lli-l-lF F F l LiJ
F- U) LiJ

0 0 4+ x 0 C.
L - + CD

tI

CEC

a: U (L
:D Mr H 0 Li-C)

N

:: 1 (--D M:

f--I _j f)
Cr) E 

0

M 0

0
OD

0 -I-- ~~1~
Li -j0091 0091 0011 o6oi 1 o000 009 009 ook ON? 0
uiu 8A '~flIUd3dH3I

A-128



z
0

(f) r 0

0 L
N V) if) ) U) V) ) U) LO V) U)

-4 0000000-00

10
L) L r: W0000000

0 '

- LI) U) N 0 t) 
LOzD wCu Li

LieTu -a iiL i i i Li Li Li 
0Li

- /
r) m

N L) Li-
F- U a 0 4 x 0 C a xLiJ L co

LiJ
0:U-) 0

-iN
- 0 - C

D.

L-1 Li

V)
a) L.)

CD F-
CD N

Li C .4V) 0091 0091 00 I O 001 0001 009 009 ON& ON 0: A ' ~dflIUd~dL43I UC)

CD Li)

V) 0 CD

OCD0 Ul) U) U) V) LO U) U) ) U)

N- a_

000000 ---

000000000 jo00000000C ) T 0 - (oLi :  z
=D +i2 Li

Liaf u -JI LiL L L L L L L L 0a: Li E: E: r- ZE:

0 H H HHH

N 0) 7 r LLi L Li a 0 4 + x 0 0 m x J CD
CD -

L-a: ) 0
Ji N

=D m: -
(7- / N

Ci 0 7
u Hm-

Cnr) /
w:2 0 L

C-

-- Ai Tt T~~ 0Lo 10 0091 0091 0011 ON 1 0001 009 00 O 8
:

Li 0 A 'dfIdd4i
a_

-A

A-1 29



z ~1
0

Q

1 0)-
C- =00I c0 00 CD

'Z i -7:_ OD0 0-- 0

Li " (D H1 1 + - - -0 fY- z
liz t
Li

Li Li :.j Li Li (Li Li uiLiL 0
z
Li Li ~Li K Li
r I Li / / / / I I
Li Li DO + x D~E

LI - 0
N 7/

0 - j /1 7/
Li r

'~1
-0 Li
0 -

0

/7

5 - F-

Li 0 0
c~fl r Ii K

I
0

ri Li

0 Li
CD- 5 ~

-- ''I -. I ~~1~
Li CD
0 - OOG 1 0091 00~l 00e01 0001 009 009 C0 1 cON 0
0
Li 0 A '~5flIU~3J~3I

r

L -Li

Li

0 D0c 0CO 0C)0
a_
z: -I L ON 0 Vl) CDz

Li Li LiJ CDT
7LiLi T

Li Li0 Li + i ~ Li Li
Li mo 7
~LiLi
Li Li IA
I- ~ A

~- r~ / /
- I /(2 / /0 cD

0 - /Lii (20 //1
Li 0 C 1A

0::
0

H- Ai (r /
/

CD

OM) Li

CD--CO -: I--I 
----- T-

in
a: C 00N 009! 001! 00? MC 00! 009 009 oo 00N

A 'Z'flIU3d~T
L)

A-1 30



Li

0i

z
0 0 V) V1 U-) Lfl v) o) o

WX W T 2E I T i
000000-

c~ 60'000000 o o 0n
(fu U100000

0 nLnN 0
W 0 zDTI r) Li I I I I I I I

+
CF -ii Li i i i L L L ci

CL + K
N y
i- cc 0 0 4 + X 0 D-L- L o x u ci

.. +0) Q ~' ,~( /-j 7
CE U

Z-D (i: N
L H

0 rD w <77~ -
0c4~
T 0c ~
-jLi Y 7~7;7~(fl r ~Z U

H

x Li

00 C
-4 - _---48r- ul

-J -T I (D ri
Li~ L- 0091 0091 0011 ON 1 0001 009 009 00o' 77. V0 mr V

U J j~nIu~zcjvJI

z

0 L 0

cr KLOOU) ) ) ) U U
U) HL w ww o w W

QLL. /~ A'i ~
000000000 / / / *1 / Ln

(f) ac Lr 'I t) U) NO M n
0
z
_C

+c / / ,/~1,/CCF CL ci

Li IF- H- H- HIHH- I--
CL Li

I- a~l 0 11+ 0D.a // / Li
LiJ L - / Li

/ ci
(NI /1 7) ..

-J MI I-. iT
to 0)C ,1~

0J CL
:D mt 0 L

t-4 C:)It
C~~) ci
E0
or I- wk
F- u 0

0

m0H K
oo T

F- 0 13 Ln

-0N
Li L-
V) 0 0091I 0091 ~ l 00i' O 0001 009 009 o0 000 0

A 'flIU~]d~4h1I

A-131



C

aCE C
C,>
Q a:
icn

(r
(n J L-L CD00D0DD -- CD

C C C6 DC C6C C-Li
1- - LIiDDCCCCC

Lio wi -n M~ LI, n C WI
0 -) z

C
ZD~ z 'II'S''F- . WLil C

1 U
CLi LI rEZEEZZEE
0 Z -i(10~

Li-
zi

- H C 0 0 4 + x 0 0 xfC CD

:D
C 0i

I-.

ID I LI
0 1

Li 0 C
F-

C
w
IC
r')

C
(0 > 5

a- C 0091 0091 0'0 11 ON 1 0001 009 009 00 OOE 0 j:
ClD

coi

C.9T

C
I-- CO

c ') L, Cl tl ) L () Ni 0l to CLO C
UL)

0L 0 UI
u z
tkf U) LiID1  

a:F-' r u C
Q -i I I II I) I C LI IO01 Li N

a 0 + 0 D 0I LiCL-N F Li

I-. H CI F F
- L

C LiI
L) C:)

::D I N -p
0 1-'-LI CF-' U)

wf r-

0

r Q- --7- -F- -1- -I--
Li U0091 0091 OOf I 00oz1 0001 009 009 00 ON~ 0

k
cin I 3dlUdW 8

A-132



APPENDIX B-1

FFTF CORE INVENTORY LIBRARY

The table in this appendix shows the isotopic inventory of the
FFTR at end-of-equilibrium-cycle. This table was output by COMRADEX
for a 100% assignment to the first chamber, thus, this inventory is
presented as "release". Other data in the table are:

"CHN" - Decay chains are printed in order. The first member of a
chain decays into the next and so on until the chain is

completed. Isotopes with very short lives are skipped.
In some cases an isotope may be a member of more than
one chain; this indicates a split in the chain.

11 GP11 - The elements are grouped by physical characteristics

of the most probable state of compound. 0 -solids

(nonvolatile), 1 - halogens, 2 - nobles, 3 -volatile
solids (other than halogens and sodium), and 4 - sodium.

"DECAY CONST" - Radioactive Decay Constant in sec -1

"GAMMA VAL" - Gamma Value in (roentgen-ft 2)/(curie-hour)

F Values - "BONE", "THYROID", etc., in Rem/Ci inhaled.
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APPENDIX B-2

This section presents curves which were obtained as a result of

the HAA computer calculations.

The curves provide the suspended concentration of sodium oxide

and fission products as a function of time for each of the cases des-

cribed in Section 5.0 and Section 6.0 of the report.
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APPENDIX B-3

FILTRATION EFFECTS

This appendix provides the remainder of the COMRADEX cases which
considered effluent filtration. Both the radioactivity release curves
and the resultant dose curves are included for each case with the
exception of Case 654 which-may be found in Section 6-14.
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ACTIVITY RELEASE - CASE 659F
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CASE 677F - ACTIVITY RELEASE CURVES
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CASE 681F - ACTIVITY RELEASE CURVES
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CASE 675F -DOSE VS DISTANCE CURVES
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CASE 681F -DOSE VS DISTANCE CURVES
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CASE 682F DOSE VS DISTANCE CURVES
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CASE 683F-DOSE VS DISTANCE CURVES
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APPENDIX C

CALCULATIONS OF PENETRATION OF CONTAINMENT STRUCTURES BY FUEL DEBRIS

The AYER computer program was used to calculate the depth of penetra-

tion of the molten fuel into containment concrete and the earth below

(Reference 1). The AYER code was developed by Los Alamos Scientific Lab-

oratory and was modified by the Westinghouse Advanced Reactors Division.

The code implicitly solves the general two-dimensional equations of heat

conduction and includes the effects of time (transient problems), in-plane

anisotropic thermal conductivity, and interface thermal contact resistance

using the finite element method (Reference 2).

Materials properties, geometry and the decay heat from the core debris

are part of the code input data, as are the initial temperature and boundary

conditions. The temperature distribution within the pool is determined by

conduction and the boundary conditions at the limits of the mesh.

The AYER code performs two operations during a time step. First the

code searches the elements adjacent to the existing pool to determine if

the average temperature of its nodes is greater than the melting point of

material . If so, the element is added to the pool zone and the properties

of the pool material are recalculated using appropriate mass or volume

weighting. The change in phase of the melting material is included in the

form of an effective specific heat given by

C eff 2AT

where H is the latent heat

C eff is the resulting effective specific heat

and AT is the temperature range over which the transition

takes place.

1. S. F. Bankert, AYER Code Calculations of Core Debris Penetration, HEDL-
TC-839, April 1977.

2. R. G. Lawton, The AYER Heat Conduction Computer Program, Los Alamos
Scientific Laboratory, LA-5613-MS, May 1974.
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With the new pooi properties in hand, the code solves the heat con-

duction equations, including the boundary conditions. One of the defi-

ciencies in the code appears at this point, in that no physical mixing

of the pool takes place. The conduction temperatures determine the pool

temperature conditions. At designated times, the code outputs the temperature

at the nodes, the average and maximum temperatures in each zone, volumes

of the zones, and information on the heat balance of the zones.

The conduction model probably results in pool center temperatures which

are unrealistically high, and pool-edge temperatures which are too low.

Possibly the pool could grow faster with a convective mixing model. Whether

the pool would penetrate deeper with a convection model has not been evalu-

ated. All of the decay energy has been accounted for, and it is considered

unlikely that a realistic model would predict significantly greater pene-

tration.

In modeling both the cavity floor and subcavity floor, two zones were

used. They were labeled fuel and basalt, and their properties are listed

in Table C-1. The properties of the earth, basalt concrete, and bricks

which make up the cavity floor are similar and the code handles only con-

stant properties. Hence, it was decided to lump them together as basalt

concrete.

Table C-2 lists the decay heat table used in these calculations. It

includes the whole FFTF core along with its associated heavy metals and

fuel hardware.

Two CACECO cases were used to determine the final disposition of the

core debris. Case 654 boiled dry in the vessel and the core debris melted

through to the cavity floor (In-Vessel Case). Case 683 collapses the

cavity floor and boil-dry takes place with the core debris in the subcavity

under a bed of sodium-concrete reaction product debris (Ex-Vessel Case).
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In-Vessel Case

The AYER code analysis for CACECO Case 654 began at 527 hours with the

core inventory of 2,850 kg of fuel spread evenly over the cavity floor

under the reactor vessel. For purposes of analysis, the initial fuel

temperature was set at the fuel melting point. The cavity floor over the

subcavity (see Figure C-1) is 3.25 feet thick and was modeled with a rec-

tangular axisymmetric mesh of 3 inch by 6 inch rectangles (Figure C-2).

Table C-3 gives the boundary heat transfer coefficients from the boundaries

of the mesh to the listed sink temperatures. Material properties and boun-

dary conditions were held constant. The cavity floor was assumed to fail

when the pool had expanded to within 6 inches of the bottom. A new pool

having the same volume, composition and average temperature as that in the

cavity floor was assumed to form on the subcavity floor. The axisymmetric

subcavity floor mesh consisted of 12 inch by 6 inch wide rectangles shown

in Figure C-3. The initial pool was 1.5 ft thick to include the pool

from the cavity floor. The boundary heat transfer coefficients and tempera-

tures are given in Table C-4.

The initial temperature conditions for both the cavity floor and the

subcavity floor were taken as those in the structures at the end of CACECO

Case 654. Figures C-4 and C-5 show the temperature profiles along the

centerline at the start time of the AYER run (527 hours).

Penetration depth for Case 654 is based on the loss of 75 percent of

decay heat from the surface of the pool. This assumption is based on the

high potential for radiant heat transmission at the temperature of molten

concrete. If the initial 10 ft diameter pool is taken at 2100'F, and is

radiating to the reactor cavity walls, a temperature difference of 155 0F
n6would transmit 1.1 x lI Btu/hr, or 100 percent of the decay energy at

1,000 hrs, the approximate time when oxidation of cavity molten steel is

completed. At the melting temperature of steel, radiant heat transmission

could, of course, be greater still.
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In-Vessel Case (cont'd)

Heat transmission by convection and radiation at far lower tempera-

tures than the material melting points discussed above were estimated from

CACECO Case 682. Case 682 had a sodium pool on the cavity floor for over

1,600 hours because it never boiled, due to heat loss to the cavity walls

and roof. Table C-6 lists the heat losses to the reactor cavity walls and

roof as a function of time in CACECO Case 682. The heat absorption in

Table C-5 can be taken as a minimum because the cavity atmosphere tempera-

ture is much lower than that for molten basalt. The walls eventually heat

up (as calculated in this case) and absorb less heat because they are

adiabatic on the far surface. The cavity roof on the other hand reaches a

steady heat transmission state because its far surface is in contact with

the building atmosphere. The building with its large surface can be ex-

pected to dissipate energy transferred through the cavity roof.

The data from Table C-5 are plotted on Figure C-6. together with a

curve representing 75 percent of the decay energy. As the figure indicates,

even with the low temperature heat transfer of CACECO Case 682, 75 percent

of the decay energy can be dissipated in the upward direction. As discussed

previously, simple radiation from the pool surface to the inside of the

cavity can transmit 100 percent of the decay energy ( at 1,000 hours) with

only a 155'F temperature difference at the melting point of basalt.

The AYER code analysis of Case 654 started at 527 hours with the core

debris spilled onto the 346 ft 2cavity floor under the reactor vessel. The

initial conditions for the AYER analysis were arbitrarily set with the fuel

debris at its melting point (5160'F). A more realistic temperature would

have been that of molten steel (2600'F). Even with the conservative

assumption of molten fuel, the core debris, when spilled onto the 260OF

cavity floor, chilled quickly to about 1500'F, shown as the initial point

in Figure C-7, at 527 hours. This debris subsequently heated and melted

into the firebrick, insulating brick, and basalt concrete of the cavity
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In-Vessel Cases (cont' d)

fl1oor , f ormi ng a mol ten concrete pool . The pool size increased by melting

sideways and downward into the basalt concrete (melting point taken at

21000F) until,, at 890 hours, the fuel-concrete pool had melted through

33 inches of the 39-inch-thick floor. The average pool temperature increas-

ed during this phase to 2620OF as shown in Figure C-7. At 890 hours, the

cavity floor was assumed to collapse, spilling the fuel-concrete pool into

the subcavity.

The AYER analysis was restarted at 890 hours with the concrete-fuel

pool on the floor of the subcavity. The pool at 2620OF spilled onto the

1230F subcavity floor, chilled quickly to about 25800F, as shown in Figure

C-7, at 930 hours. The AYER analysis indicated a pool surface temperature

of 2100OF (nominal melting point of basalt concrete) after the stainless

steel had been consumed by the steel-water reaction. The average pool tem-

perature increased to a maximum of 3000'F at 2,000 hours (83 days) and then

decreased as the pool continued to grow. At 6,850 hours (285 days), the

average pool temperature had decreased to 2320 0F, as shown in Figure C-7,
3when the pool volume attained its maximum size of 1,500 ft" .Also at this

time the pool reached its maximum penetration of about 7 feet below the

former surface of the subcavity floor. This penetration distance would

place the fuel-concrete debris at the bottom of the concrete base under

the containment vessel of the RCB, at elevation 467 feet.

Ex-Vessel Case

CACECO Case 683 ended at 429 hours after boiling off and reacting

away the sodium in the subcavity. The cavity floor was assumed to fail at

384 hours and the fuel was assumed to be on the subcavity floor covered,

with 5.5 feet of sodium reaction product debris from the cavity floor and

subcavity walls. The reaction products were assumed to have the properties

of basalt. Initial temperatures were taken from the CACECO output at 429

hours. Figures C-8 and C-9 are plots of the initial temperatures of the
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Ex-Vessel Case (cont'd)

subcavity floor and wall. The boundary conditions are given in Table C-6.

The initial temperature of the reaction debris covering the pool was taken

as the final sodium temperature of 1600'F. The mesh configuration is

shown in Figure C-10.

In this case, heat loss in the upward direction was initially set at

10,000 Btu/hr to allow for the thermal resistance of the overburden of

material. When the pool melted through in the upward direction, heat loss

from the top surface was assumed to be equal to 75 percent of the decay

energy. The basis for this latter assumption is the same as the in-vessel

case.

The AYER code analysis of Case 683 started at 429 hours with the core

debris on the 346 ft 2 subcavity floor buried under 5.5 feet of concrete

debris from the cavity floor and subcavity walls. The initial conditions

for the AYER analysis were arbitrarily set with the fuel debris at its

melting point (5160'F). A more realistic temperature would have been that

of molten steel (26000F). Even with the conservative assumption of molten

fuel, the core debris, when spilled onto the 1610'F subcavity floor, cooled

quickly to 31900F, as shown in Figure C-11, at 430 hours. This fuel

subsequently heated and melted into the basalt concrete above and below it,

forming a molten fuel concrete pool. The pool size increased by melting

upward, sideways and downward into the basalt concrete (melting point

taken at 21000F) until the pool reached the surface at 750 hours. Prior

to this time the heat loss from the molten-fuel-concrete pool was limited

by the covering of concrete debris. After the pool broke through, 75 per-

cent of the decay power was assumed to be dissipated from the surface.

The average molten fuel-concrete pool temperature, shown in Figure C-11,

increased to a maximum of 4400OF at 1,100 hours (46 days) and then decreased

as the molten fuel-concrete pool continued to grow. At 6,220 hours (254 days),
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Ex-Vessel Case (cont'd)

the average pool temperature had decreased to 2790OF when the pool volume
3attained its maximum size of 8,150 ft' .Also, at this time, the pool

reached its maximum penetration of about 13 feet below the former surface

of the subcavity floor.

Concl us ion

The AYER Heat Conduction Code has been used to continue two CACECO

cases to determine the final deposition of the FFTF core debris. It was

found that a) the depth of penetration was finite and at least 80 feet

above the water table and b) the pool temperature did not reach the melting

temperature of the fuel . The pool formed by the core debris in the con-

tinuation of CACECO Case 654 (boil-dry in the reactor cavity) reaches

maximum temperature of 3000'F at 2,000 hours and has a maximum penetration

of 7 feet at 6,850 hours. The continuation of CACECO Case 683 (core debris

buried on subcavity floor at boil-dry) leads to a maximum pool temperature of

4400'F at 1,100 hours and a maximum penetration of 13 feet at 6,220 hours.

C- 7



--- A

Table C-i

PROPERTIES OF FUEL AND BASALT

Property Fuel Value Basalt Value

Specific Heat, Btu/lb OF 0.12 0.25

Thermal Conductivity, Btu/hr ft OF 1 .70 0.50
Density, lb/ft 3 524 150

Melting Point, OF 5162 2012

Latent Heat of Melting,, Btu/lb 164.3 166.7

Table C-2

FTR DECAY HEAT AFTER HCDA

Time, Hrs Decay Heat,, Btu/Hr
6384.0 1 .82 x 10
6420.0 1 .74 x 10
6480.0 1 .62 x 10
6600.0 1.42 x 10
6720.0 1.28 x 10
6840.0 1 .19 x 10
6960.0 1 .11 x 10
61080.0 1 .02 x 10
51200.0 9.37 x 10
51600.0 7.75 x 10
52000.0 6.70 x 10
52400.0 5.94 x 10
54800.0 3.30 x 10
59636. 0* 1 .57 x 10

*Linear extrapolation was used beyond 9636 hours.
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Tabl e C- 3

CAVITY FLOOR BOUNDARY CONDITIONS

Heat Transfer
Coefficient Coefficient, Btu/hr ft OF Temperature, OF

h 15through subcavity 0. 072 1251
to ground

h) through subcavity 0.044 902'
walls to ground

h through walls to 0. 147 1453,
H&V rooms

* *h 5off pooi surface

Table C-4

SUBCAVITY FLOOR BOUNDARY CONDITIONS

Heat Transfer 2
Coeffi cient Coefficient, Btu/hr ft OF Temperature

hto earth 0.23 90.

ho to earth 0.23 90.
* *

h 31off the pool to3
subcavity and cavity

*hAt was chosen to provide an upward heat flux equivalent to 75 percent of

core decay energy.
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Table C-5

HEAT ABSORBED BY CAVITY WALLS
AND ROOF IN CACECO CASE 682

Cavity Atmosphere Heat into Heat into
Time, hour Temperature, OF Walls, Btu/hr Roof, Btu/hr Total, Btu/hr

504 1476 12.72 +5 2.59 +5 15.31 +5
672 1479 10.11 +5 2.36 +5 12.47 +5

1000 1479 6.14 +5 2.14 +5 8.28 +5
1320 1469 4.03 +5 2.18 +5 6.21 +5
1625 1453 2.65 +5 2.14 +5 4.79 +5

Table C-6

SUBCAVITY FLOOR BOUNDARY CONDITIONS (CASE 683)

Heat Transfer 2
Coefficient Coefficient, Btu/hr ft OF Temnp erature, OF
h1, to earth 0.23 90.
h 2 9 to earth 0.23 90.

h 39off the debris bed3
'to subcavity, and
cavity

*Low value of heat loss assumed until breakthrough. A breakthrough
hAt was chosen to provide an upward heat flux equivalent to 75 percent
of core decay energy.
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APPENDIX D

FISSION PRODUCT AND RADIOACTIVE MATERIAL _RELEASE

AND TRANSPORT

This appendix presents the bases for the models and assumptions used
in the study for the release of radioactive material into the containment
atmosphere after the postulated initial release.

The radiological analyses were performed on the basis that the release
of radioactive material contributing to offsite exposures, after the
initial release, would be that due to volatile fission products evaporating
or boiling off from sodium in the reactor vessel or cavity.

Consideration was also given to possible additional sources, in order to
assess the validity of the conclusion that these volatile fission products
would be of predominant significance. Two phases of the accident sequence
were considered: sodium boilup and post-boilup.

D.1 Sodium Boilup Phase

D. I.1 Fission Product Release

The initial assumption for fission product release from sodium was that
those elements with a boiling point as low as that of sodium, or with a likely
chemical component with a boiling point as low as that of sodium, would be
subject to release as volatile fission products. The elements so identified
were arsenic, selenium, bromine, rubidium, cadmium, iodine and cesium. This
selection was supported as a conservative one by ANL investigation (D-1) into
the chemical form, location, and volatility of radioactive materials under
potential LMFBR accident conditions. Table D-1 presents volatility data
from the ANL study for the isotopes selected by ANL as having the greatest
volatility. Strontium and barium are also included in the table to illustrate
why they are not included among the volatile elements. ANL's study indicated
that at a temperature far above that of boiling sodium (25000K, 40400F) only
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80 percent of the cadmium, half of the rubidium and cesium, and a quarter of
the selenium would be in the gas phase at equilibrium. About one-eighth of
the tellurium and about 1 percent of the silver, indium, tin, and antimony
is in the gas phase at 2500'K; however, at sodium boiling temperature, only
negligible amounts would be vapor.

In the present analysis, Castleman's peitos(-)of fission product
release from sodium were utilized for calculating the release rate of rubidium,
cesium, iodine (as sodium iodide), and bromine. The sodium boiloff rate
was used as the release rate for arsenic, selenium, and cadmium.

Castleman concluded that the fraction of a fission product vaporized
from sodium could be expressed as:

) AYF = 1-(l-F
-5

where F = fraction of the fission product vaporized
F s= fracti on of the sodium vaporized

=ratio of the individual gas phase diffusivities - since Y' is
always less than unity, setting it at unity will provide the
upper limit for fission product release

A =ae (b/T)
and a and b are constants for the specific elements and T is the absolute
temperature (OK).

Values for a and b are coefficients obtained from the Castleman study,
and are shown in Table D-2.
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TABLE 0-2

CONSTANTS FOR CALCULATING THE EXTENT

OF FISSION-PRODUCT VAPORIZATION AS A FUNCTION

OF THE SODIUM VAPORIZED

Fission Tempera ture Contents*
Product Range, 'K a b

Cesium 700- 900 0.121 5,073Rubidium 700- 900 0.213 4,184Strontium 700-1000 5.41Iodi net 700-1100 -5,2700.37 -150Barium 700-1100 1 .73 -7,003Tel lurium 725-1100 2.81 -10,150Antimony 1000- 1100 2227 -21 ,989

*The constants a and b were evaluated by employingv vapor-pressure data
within the indicated temperature range but are not necessarily
restricted to this range for practical use.

t Present as NaI.

As previously noted, tellurium and antimony were not included as dose
contributors in the present study, because of their low volatility. Strontium
and barium were not included because it was concluded in the ANL study (Dl1)

that they would exist in oxide chemical form which would be nonvolatile.

In the present study, the constants for cesium were used for both
rubidium and cesium, and those for iodine were used for both iodine and
bromine.

D. 1.2 Plutonium Release During Boilup

Plutonium was considered to represent the most significant of non-
volatile materials in terms of any possible impact on offsite exposures. Pre-
vious studies of dose contribution have suggested a radionuclide hazard
rating concept to identify the most important species. Table D-3 presents a
list of these major contributors. This table is abstracted from a recent
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TABLE D-3
RADIOLOGICAL SIGNIFICANCE OF SELECTED

NONVOLATILE ISOTOPES IN MOLTEN FUEL/STEEL POOL

Hazard Ranki ng9241I sotope (Normalized to 'Pu)

241 Pu 1 .00
238 Pu 0.72
240 Pu 0.27
239

Pu 0.22
242

Cm 0.05
244 Cm 0.01
243

Cm 0.005
241 Am 0.04
144

Ce 0.02
141

Ce 0.001

study (D-3) based on the core inventory and radiological dose conversion
factors (F-factors) which are functions of the radiological half-life,
type of radiation emitted, and the biological affinity of each isotope.

The nuclides have been normalized to 24Pu to indicate the importance

on a relative scale. It may be seen that the plutonium isotopes account for
about 94 percent of the total dose from the nonvolatile isotopes. Curium
isotopes will contribute an additional 3 percent, 21Am will contribute

about 2 percent and the cerium isotopes will contribute about 1 percent.
All other nonvolatile dose contributors will be negligible on these bases.

Because of its low volatility and its probable physical form as a bed of
coarse particulates on surfaces within the sodium pool, there is little po-
tential for the release of a significant plutonium quantity in a form which
could be transported through the containment atmosphere and released from the

building. To further support this judgment, possible plutonium release by
carryover has been considered.
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Recent studies by Jordan and Oa (-)were applied in estimating the
possible magnitude of plutonium release which might occur as a result of
physical entrainment and sodium/plutonium carryover.

The Jordan and Ozawa studies measured the release of various quantities
of uranium dioxide powder (20pi median diameter) which was suspended in about
100 g of sodium and the mixture heated to 500-to-9000C. The sodium and fuel
which was carried over was transported through a heated pipe to a cold trap
and filter arrangement where the sodium was condensed, and the uranium
content was measured. The results of these experiments were expressed in
terms of a decontamination factor, or the ratio of fuel material in the
sodium to fuel material carried over. Decontamination factors of 1 to 5x10 3

were reported and found to be insensitive to sodium evaporation rates between
0.3 kg/in -_hr and 85 kg/in -hr.

The more conservative decontamination factor of 1 x 10 3from these
experiments was applied to estimate the possible carryover of plutonium
during the sodium boiloff period.

Quantitative calculations were performed to assess the possible signi-
ficance of plutonium release under the conditions of two accident sequence
cases analyzed in the present study.

Case 658 was selected to evaluate the in-vessel case. This case not only
has the highest sodium boiloff rate but also a concurrent volume vent
rate that is significantly larger than any in the other cases.

Case 683 was selected to represent the ex-vessel cases. The bases for
this selection were similar to those for Case 658.

It was assumed that, in either case, approximately 5 percent of the
core might be in sufficiently finely divided form for potential carryover.
The conservative value of the experimental decontamination factors, 1 x 10 3
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was then applied, in conjunction with the sodium boiloff rate as calculated
by CACECO. On this basis it was calculated that the peak release rate
of PuO from the reactor vessel for Case 658 would be about 2.1 g per hour.
The peak rate for the ex-vessel case (Case 683) would be about 0.88 g of
PuO 2 per hour.

The release values for these cases were applied as plutonium source
terms to COMRADEX calculations of offsite doses, using radionuclide fallout
and leakage values which were calculated in previous runs for these accident
sequences. The results were minor increases in calculated bone doses. The
additional bone dose in Case 658 was about 0.44 rem, or roughly 26 percent of
the bone dose calculated as a result of the initial expulsion. For Case
683, the bone dose increase was 0.22 rem, or about 10 percent of the initial
amount. Since these contributions to the bone dose are small, and the bone
dose is already insignificant compared to the thyroid dose contribution, the
conclusion is supported that plutonium release during sodium boilup is
not of importance.

D.2 Post-Sodium Boilup Phase

The radiological analyses in this study did not include the effect of
any radioactivity release in the containment building after the sodium boiled
dry. This was based on the judgment that no additional radioactive materials
would be volatilized or released in sufficient quantity to be predominant in
assessing offsite doses.

D. 2. 1 Fission Product Release

Of the cases studied, the earliest time at which sodium boil-dry occurred
was 430 hours, in Case 683. From this point on, the temperature of the
fuel-steel-concrete pool increases until it reaches a maximum of about 4400OF
(2427'C) at about 1,050 hours. Following this peak, the temperature of the
pool begins to decrease. Thus, it is conservative to consider the possible
release of fission products remaining in the molten fuel-concrete mixture
at the maximum temperature calculated.
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As fuel temperature increased above the sodium boiling point, the

potential volatilization of additional fission products would increase. The

greatest potential would be for the remaining elements of the group identified

by ANL (D-l) as volatile; specifically, tellurium, indium, antimony, silver,

and tin. None of these materials would boil, and evaporation would be slow,

as indicated by the small vapor fractions at 2500'K. The radioactive inven-

tories of isotopes of these elements remaining at 430 hours, and the F-factors

for each are listed in Table D-4.

The most volatile of the remaining fission products, and that with the

largest remaining inventory among the more volatile materials, is tellurium.

The tellurium inventory is an order of magnitude lower than the quantity of

other elements already released, such as iodine. Therefore, it is concluded

that additional release of volatile fission products is not of major impor-

ta nce.

D.2. 2 PlutoniumRelease

There is a possibility that release of plutonium from a concrete-fuel-

steel mixture could occur during the post-boilup phase by gas sparging. The

gas source is water vapor released from concrete below the pool.

Because of the vertical depth of the reactor cavity from which fuel

particles would have to escape, it seems unlikely that significant concentra-

tions could be sparged from the pool into the containment building. However,

the technique of Parsly and Fontana (D-5) was applied as an assessment of the

potential order of magnitude of such an effect.
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Their calculations assumed that the gas resulted from concrete heating

and decomposition. Distribution coefficients for fission products and fuel

were calculated by Parsly and Fontana from the data of Gabelnick and Chasanov (D-6)

and a differential material balance was written as:

V
c = c0 exp ) 2L

where

c = final concentration

c= initial concentration

H = distribution coefficient = concentration in gas/concentration

in liquid

V G = volume of gas which has bubbled through the melt

'I = volume of melt.VL

Thus , the f rac ti on reta ined is

H H Vcc =exp ~ G )
L

and the fraction removed is

c V
0

c L

Parsly and Fontana calculated a distribution coefficient, H, of
-72.64 x 10 for plutonium.

The volume of heated concrete which would contribute vapor was estimated
3to be about 29,000 ft~ .and the water vapor from this amount of concrete which

7 3would contribute to the sparging was estimated to be about 1.6 x 10' ft~ of

steam. This quantity of water vapor was assumed to pass through the molten
3concrete-fuel pool whose volume was 8,150 ft~ .Substituting these values into

the Parsly and Fontana expression, a release fraction of 5 x 10 -4 was obtained.
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This represents an average PuO 2release rate of 0.06 g/hr from the pool to
the reactor cavity atmosphere over the 5,700 hour period in which concrete

penetration took place.

This release rate is at least an order of magnitude less than that

evaluated for the boilup phase in paragraph D.1.2 above. Also, it seems un-

likely that a major fraction of any plutonium would be transported out of

the reactor cavity and leaked from the containment building.

Considering these factors and the long time after the postulated accident

at which the post-boilup phase could be applicable, it is concluded that post-

boilup plutonium release is not predominant in assessing post-accident off-

site radiological consequences.
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APPENDIX E

STRUCTURAL ANALYSIS

1 .0 INTRODUCTION

1 .1 S cop e

This appendix predicts the time to failure for various sections and

components in the FFTF containment building reactor cavity under the most
severe Post Accident Heat Removal (PAHR) conditions following a Hypothetical

Core Disruptive Accident (HCDA). These estimated times to failure then

serve as input to more extensive calculations of the total effects of the

various postulated PAHR sequences of events.

1.2 General Design Criteria and Description

The major structural components that comprise the FFTF reactor cavity

and the structures contained within the cavity are made of reinforced con-

crete and steel. The loadings due to PAHR conditions are dead weight and

thermal stresses from elevated temperatures. The steel structures are

considered to fail when the calculated stress exceeds the ultimate strength

at temperature or when the creep damage fraction, z( ti/ Td), reaches a value

of 1.0. Where the failure of a reinforced concrete (RIC) element is identi-

fiably due to tension failure in the reinforcement, e.g., hoop tension in
the circular cavity wall, the time to failure is determined as for steel
structures. For other loading conditions and elastic analysis, failure is

assumed to occur when the calculated stresses are equal to a fraction of

the yield strength of the reinforcing steel at temperature, or of the
ultimate compressive strength of the concrete at temperature. For ultimate

strength analysis, failure is assumed to occur when a fraction of the load

capacity, based upon the yield strength of the rebar and the ultimate com-
pressive strength of the concrete at temperature, is equal to the applied
load. The "fraction" referred to above is intended to account for long-term

loading effects and is taken as 0.85 maximum for both types of analyses.
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The reactor cavity is a circular cylindrical pit with an RIG wall, a

steel1 cover plate (the reactor head), and an RIG floor slab. The inside

diameter is approximately 36 feet and the height approximately 48 feet.

The stainless steel reactor vessel is suspended from an R/C ledge built

integrally with the wall at the top and is inside a stainless steel guard

vessel which rests on the floor of the cavity. The reactor cavity shield

(shield collar), another major structure, is a series of wedge-shaped

concrete blocks forming a circular ring between the guard vessel and the

cavity wall near the top of the reactor vessel. These blocks are supported

on steel beams cantilevered from the wall. All concrete surfaces interior

to the cavity, including all sides of the reactor shield blocks, are lined

with structural grade steel plates. These liner plates are vented by a

system of steel tubes to prevent development of high pressures behind the

liners due to formation of steam from the water in the concrete and the

high temperatures following a hypothesized sodium spill. Figure E-1 shows

a cross section of the reactor cavity, indicating the primary structural

elements.
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2.0 SUMMARY OF RESULTS AND DISCUSS-ION

2.1 Summary of Results

The calculated times to failure for the appropriate loading conditions

are given in the table below. The critical loading conditions are sodium
boiloff from the reactor vessel, a creep rupture failure of the reactor
vessel support arms at 384 hours after the HCDA, and a sodium spill from

the reactor vessel into the reactor cavity 3 hours after the HCDA. The

time to failure listed is the time, in hours, after the HCDA.

Calcul ated
Item Load Condition

Reactor Vessel Head Sodium Boiloff 8000
Reactor Vessel Support Arms Sodium Boiloff 380-390

3 Hr Sodium Spill 9800
Reactor Support Ledge 3 Hr Sodium Spill 1000 (3)
Reactor Cavity Wall 3 Hr Sodium Spill 10,000
Reactor Cavity Floor Slab 3 Hr Sodium Spill > 1000

Reactor Vessel Drop 600(1
at T = 384 Hr

Reactor Cavity Shield 3 Hr Sodium Spill (2)

(1) Failure is defined as cracking of the concrete, allowing liquid

sodium to leak into the subcavity. It is assumed that the floor

slab liner has been ruptured.

(2) The reactor cavity shield cannot fall to the bottom of the reactor

cavity because of geometric interferences.

(3) For the sodium boiloff case, the load on the support ledge is

reduced at 390 hrs by an amount equal to the weight of the

vessel and its contents. This load reduction is estimated to

extend ledge failure time to about 1,500 hours.
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The reactor guard vessel is omitted from the above listing because

there are no significant loads on it. The main support structure is omitted

because a cursory analysis showed it to be much less critical than any of

the other elements.

2.2 Discussion

The calculations for the steel structures are relatively straight-

forward because of the well defined mechanical properties and the

relatively simple loading conditions. The loading conditions for the

reinforced concrete structural elements are also relatively simple, however,

the behavior of the bimaterial composite and the mechanical properties of

the concrete are not so well defined for the elevated temperatures under

consideration (in the order of 10000F). An attempt has been made to

maintain conservative approaches in the analysis and in the determination

of the proper material properties to account for the uncertainties involved.

These conservatisms include ignoring the high room temperature strengths of

the poured concrete over the specified minimum. It would be desirable,

though, to have more high-temperature data, particularly for the ordinary

concrete in the cavity floor slab.

Reactor Vessel Head and Reactor Vessel Support Arms

These two steel structures fall under the "relatively straightforward"

category. The time to failure for the support arms, loaded in direct

tension, defines one of the critical load conditions. The times to failure

are determined from the accumulated creep damage.

Reactor Support Ledge

The analysis of the reactor support for the PAHR conditions follows

the procedures for the earlier analysis, by others, for the HCDA conditions.

The critical section is then one where diagonal tension governs the ultimate
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load capacity. The time to failure is determined from the accumulated

creep damage, assuming that only the reinforcing steel is resisting the

applied loads.

Reactor CaviyWall

The critical loading for the reactor cavity wall is a hydrostatic

pressure from the liquid sodium pool in the cavity following the hypothe-

sized spill at 3 hours after HCDA. This load is resisted by the hoop

reinforcement in the wall and time to failure is estimated based upon

accumulated creep damage.

Reactor Cavity Floor Slab

Failure of the reactor cavity floor slab is defined as cracking of

the concrete,allowing liquid sodium to enter the subcavity; it is assumed

that the steel liner plate is ruptured. The critical section for the slab

is a near-vertical shear crack at the support ledge. The time to failure

is calculated from a factored ultimate load capacity.

Reactor Cavity Shield

The reactor cavity shield is prevented from falling to the bottom

of the cavity during the critical 3-hour spill condition because of geo-

metrical interferences between the individual wedges. The capacity of the

supporting system to support the loads accompanying this binding of the

blocks has been checked and found to be adequate.
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3.0 SYSTEM DESCRIPTION AND BASIS OF DESIGN

3.1 Applicable Documents

The basic document describing the PAHR events initially used for this

report is listed below. The information given in the document has been

supplemented and updated with more recent, but as yet unpublished, CACECO

computer analyses. Where such data is used in the structural analyses in

this report, it is reproduced and referenced by the CACECO case number.

Analyses of FFTF Postulated Failure of In-Vessel Post-

Accident Heat Removal, HEDL-TI-76028, Hanford Engineering

Development Laboratory, June 1976.

3.2 General__Description

The FFTF reactor cavity is essentially a circular reinforced concrete

pit containing the FFTF reactor and located in the center of the reactor

containment building. The inside diameter of the pit is 36 feet, except

near the bottom where the diameter is 32 feet, and the walls are a minimum

of 4 feet thick. The height of the cavity is approximately 48 feet, top of

floor slab to top of reactor head. The reinforced concrete floor slab is

3.25 feet deep and covers a circular subcavity 21 feet in diameter. An

inward projecting rim, or ledge, at the top of the reactor cavity wall

supports the main support structure, a heavy "Z" shaped steel ring, which

in turn supports the steel reactor head and reactor vessel. The cavity

wall and support ledge are reinforced magnetite concrete. The cavity

floor slab is reinforced ordinary concrete.

The structural analyses in this report cover the main structural ele-

ments contained within the cavity as well as the cavity itself. These

additional items are the reactor vessel and the reactor cavity shield.

The reactor vessel is suspended from a number of support arms built inte-

grally with the vessel. The reactor vessel contains the reactor internals
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and approximately 600,000 pounds of liquid sodium. The reactor guard vessel,
which stands on the floor of the cavity, surrounds the reactor vessel, but
provides no support to the vessel and is not considered a major structural

element. The reactor cavity shield is a series of wedge-shaped concrete
blocks forming a circular ring just under the support ledge. These blocks
are supported on steel beams cantilevered from the cavity wall. The reactor
cavity shield blocks are ordinary concrete, unreinforced.

All concrete surfaces interior to the cavity, including all sides

of the reactor shield blocks, are lined with steel plate. These liners

form a continuous sealed surface. The liners are vented through a system

of steel tubes to prevent development of high pressure behind the liners

due to the formation of steam from the water in the concrete and the high

temperatures following a sodium spill. The analysis of the liners is

covered in another report.

3.3 Design Criteria

The loadings due to the PAHR conditions are deadweight and thermal

stresses from elevated temperatures. The object of the analyses in this

report is to estimate the times to failure of the major structural components

in the FFTF reactor cavity.

The steel structures are considered to fail when the calculated

maximum direct stress exceeds the ultimate strength at temperature or
when the creep damage fraction, z( t / Td), reaches a value of 1.0. The

materials properties data for the steels used are taken from Section III
of the ASME BPVC (Code Case 1592-4), from the LMFBR Materials Handbook,

and from HEDL internal memos. These data are referenced in the analyses

where used.

Where the failure of an R/C element is the tension failure of the
reinforcement, e.g., hoop tension in the circular cavity wall, the time
to failure is determined as for steel structures. For other loading
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conditions and elastic analysis, failure is assumed to occur when the

calculated stresses are equal to a fraction of the yield strength of the

reinforcing steel at temperature or of the ultimate strength of the con-

crete at temperature. For ultimate strength analysis, failure is assumed

to occur when a fraction of the load capacity, based upon the yield strength

of the rebar and the ultimate strength of the concrete at temperature, is

equal to the applied load. The "fraction" referred to is intended to

account for long-term loading and is taken as 0.85, maximum, for both types

of analysis. The mechanical properties of the reinforcing steel are taken

from HEDL internal memos. The mechanical properties for the magnetite and

ordinary concrete are based upon the specified minimum ultimate compressive

strength. Ultimate strength and modulus of elasticity with temperature are

based upon published data and some HEDL testing. It is assumed that the

room temperature relationship between shear strength and compressive

strength given in the ACI Building Code holds at elevated temperatures.

3.4 Design Loads

The design loads are the deadweight loads and the thermal gradients

accompanying the various PAHR conditions. The three critical conditions

for these analyses are as follows:

(1) Sodium boiloff from the reactor vessel.

(2) A creep rupture of the reactor vessel support arms at 384 hours

after the HCDA which follows from (1) above and which results

in the liquid sodium remaining in the vessel at that time to

spill into the reactor cavity.

(3) A postulated rupture of the reactor vessel at 3 hours after the

HCDA which spills 619 thousand pounds of liquid sodium into the

reactor cavity.
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It is postulated for cases (2) and (3) above and for the analysis of

the reactor cavity floor slab that the liner plate on the slab is ruptured.

The result is a flow of sodium under the liner and direct contact between

the liquid sodium and the concrete structure. The result of the reaction

between the sodium and the concrete is taken to be limited to a two-inch

penetration, i.e., the top two inches of the slab are considered ineffective

in carrying the applied loads.

3.5 Stress and Strain Limits

3.5.1 Steel

The steels used in the reactor cavity structures are listed below

along with the corresponding room temperature yield and ultimate strength.

U. S. U.S.
Steel Structure (KS I) (KS I)

ASTM A36 Plate and Structural Shapes 36 58

ASTM A615,

Gr 60 Reinforcing Bars 60 90
SA-5082 C1 2 Reactor Head 50 80
304 S. S. Reactor Vessel 30 70

The time- and temperature-dependent properties are given and referenced

where used in the analyses.

3.5.2 Concrete

Two types of concrete are used in the reactor cavity. A magnetite

aggregate concrete is used in the cavity wall including the support ledge.

Concrete using "ordinary" aggregate is used in the floor slab and in the

reactor cavity shield. The unit weights of these concretes are 220 pcf

and 150 pcf, respectively. The room temperature ultimate compressive

strength for both types of concrete is taken as 5,000 psi, the specified
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minimum strength. The actual strengths are higher than this value.

Reference 15 indicates 90-day compressive strengths for the magnetite

concrete as high as 9,210 psi.

A literature search was made to determine the high-temperature

properties of concrete. The results show that the data obtained from

different tests by different investigators vary widely. Some of these

data are summarized on Figures E-2 and E-3 which show the curves for the

variation of ultimate strength and modulus of elasticity used in the

analyses. These curves were developed by plotting through the points of

Reference E-1 and then compressing these curves along the temperature

axes to approach a lower bound for the other data and, for the variation

of ultimate strength, to pass through the minimum data point for magnetite

concrete from the HEDL tests described in Appendix B of reference E-2. The

single data point for ordinary concrete, based on a single specimen from the

HEDL tests, is somewhat questionable because the specimen was severely

cracked before testing. More testing of the particular concrete used in

the FFTF application would be helpful.

A few qualitative conclusions were determined from the literature

search, which is described more fully in Appendix A of reference E-2. These

are as follows:

(1) The proportion of the original strength of the concrete which

is retained at an elevated temperature is increased if the

concrete is loaded in compression during testing.

(2) The proportion of the original strength of the concrete which

is retained after the concrete is raised to a higher temperature

is greater at the elevated temperature than after cooling.

(3) The same is true for the modulus of elasticity.
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(4) A long-term soak at elevated temperatures may cause further

deterioration in the strength of the concrete from that associated

with the initial rise in temperature.

The concrete in the FFTF reactor cavity will be stressed in compression

during heating and, during the critical time period, the loads are applied

while the concrete is hot. These two beneficial effects, items (1), (2),

and (3), above, are not considered in the analyses. The detrimental effect

of item (4), above, is considered in the analyses by application of a strength

reduction factor equal to or less than 0.85, based on the information in

References E-3 and E-4.
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