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ABSTRACT
.

* .

-
.-

i
A conservative calculation of equilibrium temperatures and heatup rates

for the reactor coolant system (RCS) draindown to head removal level (321.5
ft, elevation) has determined that the draindown with no supplemental heat
removal can be accomplished after December 1, 1982 without exceeding the tem-

,

A similar conservative analysis for RCS draindown to theperature criterion.
bottom of the reactor vessel nozzles (314 ft. elevation) supports draindown

The criterionafter January 1, 1984 without exceeding the temperature criterion.
is that fluid temperatures do not exceed 170*F.

~ These conservative calculations were made with models originally developed

in the TMI-2 Decay Heat Removal Analysis of April 1982. In addition, best

estimate models, benchmarked to temperatures measured following the partial
draindown for the Quick Look inspection, were developed and used to predict

the expected reactor coolant system heatup following the draindown to head

removal level and draindown to the bottom of the reactor vessel nozzles.
The best estimate models predict that draindown with no supplemental heat
removal can be accomplished after December 1, 1982 for both draindown levels

,

without exceeding the 170*F temperature criterion.
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INTRODUCTION
.

.

.

*

The 1MI-2 reactor has been in the decay heat natural circulation cooling

mode for the past several years. In July 1982, the reactor coolant system

(RCS) was partially drained to pemit access for the Quick Look inspection. |

The next step in the recovery process called for draining down the RCS further |

to allow removal of the reactor vessel head. An analysis was performed to
determine whether the TMI-2 decay heat loss to containment is sufficient to -
support the RCS draindown to head removal level (321.5 Ft. elevation) without
exceeding the' temperature criterion. It was concluded that the draindown to
reactor head removal level can be accomplished after December 1,1982 without

exceeding the 170'F criterion.

An additional analysis was performed to determine whether the TMI-2
reactor decay heat loss to containment is sufficient to support the RCS drain-

down to the bottom of the reactor vessel nozzles (314 Ft.. elevation)' without
exceeding the temperature criterion. The temperatures predicted with the
April 1982 conservative models for December 1,1982 and July 1,1983 draindotm'

dates exceed the 170 F criterion. This is the result of the large degree of
conservatism in the decay heat gener,ation, heat transfer, and heat capacity models.

Two best estimate models have been developed for draindown to the reactor
vessel nozzle levels one including the hot legs' and steam generators' heat

7 Thetransfer areas and heat capacities and the other not including them.
reason for two best estimate models is uncertainty whether the steam generators^

c

would be in effective thermal connunication with the core with the cold legs'

no longer full. Both best es'timate models, however, yield temperature prediction
well below the 170 F temperature limit.
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SIGNIFICANCE OF QUICK LOOK DATA
-

,

. .
_

'

l

During the sonth following the draindown for the Quick Look inspection, I

the RCS water temperature and reactor building ai61ent temperature were
These data differ significantly from the data upon whichannitored daily.

the THI-2 Decay Heat Removal Analysis Report of April 1982 was based in thac
the new data depict the dynamic temperature response of the RCS rather than

The advantage of the dynamic data
" snapshots" of equilibritsn temperatures.

-

is that it provides an indication of effective system heat capacity which *
The system heat capacity in turn provides an indi-steady-state data cannot. Thus

cation 'of how much of the RCS is involved in the heat transfer process.
the new data provides an opportunity to further refine the existing analytical
models and increases confidence in analytical predic,tions.
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, [GESSMENT OF EXISTING f0DELS .
,

_
_

. .
,

As a first step, the Quick Look draindowi was simulated with the analytical

!
models from the April 1982 analysis. The RCS heatup thus calculated was then
compared to the measured RCS temperatures to assess the degree of conservatism
in the existing analytical models. The comparison of the predictsd and measured

temperature trends is shown on Figure 1. As expected, the existing models
Thus it can be con-predict higher RCS temperatures than actually measured.

cluded that the models developed in the April 1982 analysis am conservative.
Each sedel will bc described briefly.:-

I The existing models to be used in this assessment, decay heat generation,
heat transfer, and heat capacity, were those developed in the April 1982 analysis
to predict RCS temperatures after partial draindown. Th'e decay heat model
provides a conservative calculation of core power based 'on ANSI /ANS5.1 - 1979.-

standard methodology. The decay heat power values for the time frame of
interest are shown on Figure 2. .

The heat transfer model assisnes heat to be transferred only through the
This model doesmactor vessel walls, lower dome,. closure head, and hot legs.'

not allow any heat transfer through the steam generators or cold legs to assure
conservative results. Thus only the reactor building ambient air temperature

The reactor building ambientis needed to pmdict RCS bulk water temperatures.
temperatures used in both the previous and the current analyses are from the

a

THI-2 daily logsheets. ' Since only one reactor building temperature was rei:orded',
it was necessarily assumed that the ambient air temperature is constant through -

out the reactor building. (The April 1982 analysis further assumed that water*

in the reactor building stanp was 60'F and that both RCS loops contributs to
heat transfer, and also averaged temperatures for nodes between measured

temperatures.) The conservative heat transfer model used in the current
analysis is sissnarized in Table 1.

.
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of 'M RCS . consistent.

.' The heat capacity model includes only C5
+

. ..

with the heat transfer model, i.e.. only the oc9er rial arad the water con- .

~

tained in it. This produces a conservatively suel! 'sdan heat capacity which
r.sults in a fast RCS heatup. The heat capacity model is sisenar,ized in Table

2.
_

-

.

Having shown the existing models to be conservative, the drain dwn to
nactor vessel head removal level can be simulated. The equilibriisn tempera-

,

tures and heatup rates thus calculated should be appropriate for licensing

schmittals.
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CONSERVATIVE ANALYSIS OF DRAINDOWN .*

TO HEAD REMOVAL LEVEL
-

_
:-

1

Using the models as developed in the April 1982 analysis and as describedid
in the preceding section with slight modificatio'n, the further RCS dra n own

The modifications to
to reactor vessel head removal level was simulated.
reflect the further draindown were a reduction in heat transfer area and a

It was assumed that no heat would bereduction in system heat capacity. This assump-
transferred through the reactor vessel head when drained down.In addition,
tion reduces the reactor heat transfer area by 170 square feet.

,

The
the lowering of the . s water level mduces the system heat capacity.E,

resulting models are shown in Table 3.

The objective of this analysis was two-fold: ,

To detemine the equilibrium RCS bulk water temperature on several
1)

specific dates given the reactor building ambient temperature.

To detemine the RCS heatup rate starting at specified initial
2)

temperatures on specified dates.

1. The dates in question are Decenber 1,1982, July 1,1983, and January 1,1034.
~

The mactor building ambient temperatures are 70*F in winter and 85'F in
sumer, and the initial RCS temperatures are 100 and 130'F.'

f
The method used to calculate the equilibritsn RCS temperatures is basec

Iupon the equation: Q = IUA(tRCS-tAMB

where: Q is decay heat

U is the air side film coefficient (since it is dominant)
A is the surface area

is the mactor vessel bulk water temperature
t
RCS

APE is the reactor building ambient temperaturet
.

since 2e values of all 2e oGer temsThis equation can be solved for tRCS
,

O* Page 8
tRCS=t#B
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The results cf the equilibrian RCS tsN.-ature velysis with the RCS
. .

,

.

drained down to head removal level are as MJimes:
'' ,

Eeutlibrium .<5 Water Temperature
Date ,

'

165.3*F'
December 1,1982

158.0'FJuly T.1983 ,

130.3'FJanuary 1,1984 i

It is significant to note that all of these equilibrium temperatures are less
I

than the 170*F criterion adopted to maintain a positive margin to boiling.

The method used to calculate the RCS heatup rates following draindown

is based upon the equation: QNET(t)=Ime (tNUT-*NOUIp

NET (t) is the difference between decay heat generated and heatwhere: Q
transferred out, discretized by time

Dac, is the system heat capacity
-.

is the RCS water temperature in the current timestept
NOW

is the RCS water temperature for the next timestept
NEXT

This equation can be rearranged and solved for sequential timesteps to calcu-
late the RCS heatup rate starting at a given initial RCS temperature:

,

tNEXT=tNOW + ONET(tVImcp
The

The results of.this analysis of heatup rates are shown on Figure 3.
temperature traces are asymptotically apprvaching the equilibrium temperatures

calculated above.

The results reported in this section support the conclusion that the
RCS can be drained down to reactor vessel head removal level without exceeding

These results, however,
the temperature criterion after December 1,1982.
are conservative and are not expected to be observed during the actual RCS

The next section identifies the sources of the conservatism indraindown.
these results in preparation for a best-estimate calculation of temperatures

,

that are expected to,be observed during the RCS draindown.
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IDENTIFICATIONOFCONSERVATI5k
.

- . _

In order to quantify the degree of conservatism in the results reported
in the preceding section, best-estimate models for decay heat generation,

The Quick Look
system heat capacity, and heat transfer were generated.
temperature data was used for benchmarking best-estimate type models.'. Once
these models were developed, temperatures resulting from the RCS draindown

to reactor vessel head removal level were calculated.
.

I. Decay Heat _

The ANSI decay heat prediction method is believed to be very conservative
in its treatment of the neutron absorption factor (G factor) which causes

The THI-2
high decay heat predictions during the time frame of interest.
decay heat analysis based upon the LOR-2 code (the B&W version of ORIGIN) is
estimated to provide a more realistic prediction or best-estimate of the

A comparison of the LOR-2 and ANSI based decay heatdecay heat power levels.
The LOR-2 based decay heat power levels

-

power levels is shown in Figure 4.
were used for best-estimate purposes. ,

II. System Heat Capacity

The system heat capacity was expanded significantly to reproduce the
The physical description of

shape of the measured Quick Look temperatures.
Minor core and

the best-estimate system heat capacity'is shown on Table 4.,

reactor vessel int.srnals c,ontributions were added along with hot leg piping.
The major new contributors, however, were the steam generators and the primary
and secondary side water in them. Only 50% of the total available steam
generator / water heat capacity, however, was needed to reproduce the measured

This magnitude of effective contribution to system heattemperature trace.
capacity appears credible and was thus assisned for best-estimate purposes.
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I!!. Heat Transfar
.

The heat transfer model tras upeded to remain consistent with the system
.

.

.-

In addition M the reactor vessel, the new heat transferheat capacity model. Since the hot
model included all of the hot legs and the steam generators.
leg to ambient and steam generator to ambient temperature difference is not
known, a factor was detemined which could be applied to the core to ambient~

-

tenperature difference to estimate the effective hot leg or steam generat'orThisfactor,.27,balancestheheat~tYans'fer
~

fto ambient temperature difference.
to produce the measured taminal tamperature at the end of the RCS heatup.The constant |
One other refinement was made to the heat transfer coefficients.
value coefficients developed in the April 1982 analysis were replaced by

i

;

temperature difference dependent air film correlations from the ASHRAE hand-
.

The best-estimate heat transfer model thus developed is sumarized ini

book.
.

Table 5.
|

The Quick Look draindown temperatures calculated with these best-estimate|.

The
models are compared to the measured heatup temperatures in Figure 5.These
agreement between neasured and calculated temperatures is excellent.
best-estimate models were used to simulate the RCS draindown to reactor
vessel head removal level.

.
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BEST ESTIMATE ANALYSIS OF DRAINDOWN*,

TO HEAD REMOVAL LEVEL

_ _

Using the best-estimate models developed in the preceding section, the
.

Only a few modifica- ;

RCS draindown to head removal level can be simulated.The system heat capacity f
tions were needed to reflect the further draindown.
was decmased both by the lowered water level on the primary side and the,

'

The
assumed complete craining of the steam generator secondary side water.

584,132 BTU /'F. The only change
total system heat capacity was reduced to
to the heat transfer model was to assume that r.o heat is transferred through

the closure head dome.-

Using the same methods and mactor buildirg ambient temperatures as
before, but with the best-estimate models, the following equilibrium temperatures

were detemined:
Equilibrium RCS Uater Temperature

Oste
ll1.6'F

I Decenber 1,1982 ,

120.1'F
July 1, 1983 ,

The July 1983 equilibriun temperature is higher than the December 1982 tempera-
ture (when more decay heat is being generated) because the ambient temperature
assuned for July is 15'F higher (85'F versus 70'F). The heatup rates calcu-
lated with the best-estimate models assuming an initial RCS temperature ofi

100'F are shown on Figure'6. Again the temperature traces asymptotically
approach the calculated equilibrian temperatums.

.

. .
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CONVctWIVE KulYSIS OF DRAINDOWN

_
RJ,0EOM OF REACTOR VESSEL N0ZZLES

_

Several modifications to the existing conservative models developed for

draindown to head removal level were made to reflect further draindown toIt was again assumed that no heat
the bottom of the reactor vessel nozzles. In
would be transferred through the reactor vessel head when drained down. !

addition, because of the even lower water level, no heat was assumed transferred
This reduced the

through the upper shell, head support and closure flange.
reactor heat transfer area an additional 390 square feet and also lowered the
system heat capacity. (See Table 6)

The equilibriun RCS bulk water temperatures were determined for the
previously specified dates and are as follows:

Eauilibrium RCS Water Temperature
Date

198.0'FDecember 1, 1982
'

183.1'FJuly 1, 1983
151.1'FJanuary 1, 1984 .

,

As the results above show, the existing conservative models do not predict
RCS temperatures within the 170 F temperature criterion until January 1,1984.

As noted on
The temperatures for earlier dates exceed the 170 F criterion.
page 9, however, these conservative values are not expected to be observed
during the actual RCS draindown.

The results of heatup rate calculations based on this conservative model
The temperature traces asymptotically approach theare shown in Figure 7.

above calculated equilibrium temperatures.

.
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! BEST ESTIMATE ANALYSIS OF DRAINDOWN

- TO BOTTOM OF REACTOR VESSEL N0ZZLES :- 1
,

i

.

Modifications to the best-estimate models previously developed were
made to reflect the further draindown. The system heat capacity was again
decreased both by the lowered water level on the prima:y side and the assumed

Uncertainty as
complete draining of the steam generator secondary side water. |

to whether the steam generators would be in effective thermal communication
with the core now that the cold legs were no longer full resulted in the develop-
ment of two best es'timate models: one including the heat transfer areas and
heat capacities of the hot legs and steam generators and the other not including

The uncertainty as to whether or not to include the hot legs and steamthem.
generators stems from uncertainty as to which of two possible hest transfer
mechanisms accounted for the.conbributions the bot legs and steam generators' '

made to heat transfer and heat capacity that were deduced from heatup data
following the draindown for Quick Look Inspe;ction. One possible heat transter
mechanism is the convection of heated vapor up the hog legs to the steam

This mechanism would still function with the RCS water level at
;

generators.
the bottom of the reactor vessel noizies. T m other possible mechanism is a
stratified convective circulation through the cold legs to the steam generators.

i Since theThis mechanism would be interrupted by the reduced water level.
validity of each 'of the two possible heat transfer mechanisms is unknown.
Two best estimate models are postulated. (See Table 7-10).

Using the same methods and reactor building ambient temperatures as before,
but with the best-estimate models, the following equilibrium temperatures

were detemined:
Equilibrium RCS Water Temperature

Date w/ hot legs w/o hot legs.

,

& Steam Gen. & Steam Gen.
-

-

December 1, 1982 116.8'F 148.7'F

124.6'F 151.5'FJuly 1,1983
January 1. 1984 ,104.8'F 128.5'F ,

.
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Again, the July,1983 equilibrim temperatures are' higher than the December,
1982 temperatures because of the higher duly ambient temperature (85 F versus

70*F). The heatup rates calculated with the best-estimate models are shown
in Figures 8 and 9. These temperature traces also asymptotically approach ~-

the calculated equilibrim temperatures.
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Sl# NARY AND CONCLUSIONS
, .

|
1

Beth conservative and best-estimate equilibrium temperatures and heatup
:- .

rates have been determined for draindown to the head removal level and to the' M ' '
:

bottom of the reactor vcssel nozzles. The equilibrium temperatures and heatup
rates calculated with the best-estimate models are predictably lower than thosa

;

For draindown tocalculated with the models from the April 1982 analysis.
the head removal level (321.5 Ft. elevation), the conservative temperatures
and heatup rates show that RCS temperatures do not exceed the 170 F criterion

i
after December 1,1982. The best-estimate temperatures and heatup rates are
felt to be more representative of the expected RCS temperature response to
the draindown to head removal level and are in the 110-120 F range. The
conservative temperatures and heatup rates for draindown to the bottom of the

| reactor vessel nozzles (314 Ft. elevation) do exceed the 170 F' criterion for
I December 1, 1982 and July 1, 1983. The best-estimate temperatures and heatup

|
rates for this water level, however, are well below the c~riterion for all
specified dates for the models both with and without hot leg / steam generator

.

heat transfer areas. ,

It is the conclusion of these analyses that, based on the conservative
models from the April, 1982 analysis, the RCS draindown to reactor vessel head
removal level can be accceplished without exceeding the temperature criterion
after December 1,1982. Draindown to the bott'om of the reactor vessel nozzles
is supported by the conservative models from the April 1982 analysis after.

January 1, 1984. .. Based'on the best-estimate models, however, RCS draindown
to the bottom of the reactor vessel nozzles can be accomplished without exceeding

, .

The criterion is that RCSthe temperature criterion after December 1, 1982.
bulk water temperature does not exceed 170*F to insure adequate margin to boiling.

l .

,

'

,

I
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TABLE 1'

-
, ,

Original Heat Transfer Model ,
.

M oonent ' Heat Transfer Coefficient Surface Area

_ (BTU /hr-ftz UF) (ftz)
'

Bottom Head .34 330

7.ower & Intennediate Shells .72 960

Upper Shells & Flanges " .71 390

'

.89 170
Closure Head Dome

-

Hot Leg Piping .48 900

TABLE 2

Original Heat Cacacity Model4

Component Mass S >ecific Heat Heat Caoacity

TEER)
- (iTu/LaMom (sTu/vr)-

Reactor Vessel, 881,200 .115 101300
.

Head & Studs

Water 248,500 1.00 248500

Total 349800
-

.

.

.
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TABLE .1
.
*

*

, '

Conservativi :hJ31 Ac D'.af adown'

- ' '

to Reactor Wssel gyd !!emoval !.evel ;.

1. Heat Transfer Model

Component - Heat Transfer Coefficient Surface Area
-

(BTU /HR-FT3 uF) (FTd)

Bottom Head .34 330

Lower & Internediate Shells .72 960

Upper Shells & Flanges .71 390

2. Heat Capacity Model

Component Mass S meific Heat Heat Capacity

TEER) (.lTU/LBM uf) (BTU /upy
I

.

Reactor Vessel.
Head, & Studs 881.200 .115 101,300

Water 213,487 1.00 213,500

Total 314,800
,

.

.

.

.

.

.

.
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*

Best Estimate Hiat Capacity Model ,

'
.,

.

For Draindown To Ruactor Vassel* ' ' *

.

*

;4ead Removal Level~
-

,
, ,

.

Heat Capacity.

Component
(BTU /UF)

Reactor Yessel. Head, A Studs 101,300 ._

27,600
Core Support Assembly'

Plenum Assembly ,

11,500

19.100Core
18,900*

Hot Leg Piping

Hater (Reactor vessel & hot legs) 270,500

131,600*
Steam Generators

Water (Primary side of stm. gen.) 82.700*

(Secondary side of stm. gen.) 123.700*

Total 786,900

* - Only 50% of the available steam generator and water heat capacity
assumed to contribute to system heat capacity to match Quick Look

measured temperature trend.
>

.

1

.

.

.

.
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Best Estimate Hea0 , u; 6 For_Draindown* ,

..
1

-

To Reactoi;.Vc.n . iQir. .:. M n1 J 3 ,
,

l

Component ileat Tra .s.ar Correlation Surface Area
(Refe:ance) (FTd) )

i

1) Reactor Vessel - |

, ,

A. Bottom Head 1* 330 j

i

B. Lower & Intemediate Shells '2 960
'

C. Upper Shell & Flanges 2 390

D. Closure Head Dome 3 170

2) Not Legs

A. Reactor Vessel to Themocouple 4 910

4 530
- B. Candy Cane

3) Steam Generators 4 5050

* - Heat Transfer Correlations: (BTU /HR-FT2.0 ) ,
p

1 U=.10(at) .33 ,

2 U=.18(at)*33 .

3 U=.22(at).33 .

4 U=.22(.27At)*33 Hot leg / ambient and stm. gen./ ambient
At estimated to be .27 of core / ambient
at to match Quick Look measured temperatures.

.

.

.

O

.
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TABLE 6
-

Conservative Models for Draindown

to Bottom of Reactor Vessel Nozzles .-
-

.

|

1. Heat Transfer Model

Heat Transfer Coefficient ^ Surface Area,Component .

(BTU /HR-FTo- F) (FTO)

Botton Head .34 330

Lower & Intermediate Shells .72 960
.

2. Heat Capacity Model

Camponent Mass Specific Heat - Heat Capacity

T[BR) (BTU /LBM oF) (BTU /of)

Reactor Vessel, 881,200 115 101.300.

Head, & Studs
i

Water 162.300 1.00 162,300

Total 263,600'

|

|

|

|

.

,

.

.

Page 21

,

s

. . _ --, . . . . . . .

..-. .. . . . . . .
. . ,_. . . . . .

- -- e.---,- >m., r,- -e-, -- .,e,- , , _ w.-- ,- , . , , - . , - - - - , , - - . - - . . - , --- - - . - -



.

' .
..

' ' ~ TABLE 7-
-

.

3est Estimate Heat Capacity Model for'
.

-

Draindown to Bottom of Reactor Ve sel Nozzles ,

With Hot Leg & Steam Generator Areas

Heat Capacity
Component (BTU /oF)

_

Reactor Vessel. Head. & Studs 92.600

Core Support Assembly 27.600

Plenum Assembly 11.500'

19.100Core

Hot Leg Piping 18.900

Water (Reactor Vessel) 162.300

Steam Generators 131.600

Water (Steam Generators) 46.200

Total 509.800

TABLE 8
.

Best Estimate Heat Capacity Model for
Draindown to Bottom of Reactor Vessel Nozzles

Without Hot Leg & Steam Generator Areas

Heat Capacity
Component (BTU /of)-

Reactor Vessel. Hea l & Studs- 92.600

Core Support Assembly 27.600

Plenum Assembly 11.500

19.100'

Core '
.

.

Water (ReactorVessel) 162.300

Total 313.100

'

.
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TABLE 9 ,

Best Estimate Heat' Transfer Model for'

Draindown to Bottom of Reactor Vessel Nozzles
With Hot Leg & Steam Generator Areas

.

*

Heat Transfer correlatioH* Surface Area
Camponent

(Reference) (FT')

1) Reactor Yessel

A. Bottom Head 1 330

B. Lower & Intermediate St. ells 2 960

2) Hot Legs
,

A. Reactor Vessel to Thermocouple 3 910

3 530
B. Candy Cane.

3) Steam Generators 3 5050

.

.

TABLE 10

3est Estimate Heat Transfer Model for
Draindown to Bottom of Reactor Vessel Nozzles

Without Hot Leg & Steam Generator Areas

Heat Transfer Correlation * Surface Area
Component

*

(Reference) (FT')

.

1) Reactor Vessel

A. Bottom Head 1 330

8. Lower & Intermediate Shells 2 960

* - Heat Transfer Correlations: (BTU /HR-FT *F)
2

1 U=.10(at).33
2 U=.18(at).33
3 U=.22(.27at)*33 . Hot leg / ambient and stm. gen./ ambient

At estimated to be .27 of core / ambient
at to match Quick Look measured temperatures..
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Figure 1
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Figure 2:

,
Conservative ANSI ,

I. Decay Heat Model
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Figure S

RCS Heat.up Rates Following
Head Removal Draindown i~ '

Using Conservative Models j:
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Figure 4
Comparison of ANSI -

'

and LOR-2 Based
Decay Heat. Curves'
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Figure 5
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Comparison of Measured and
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Attachment 5
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- *
Summary

)
.

1. The tensile test data of the subject wires tested compared very

similarly to that of the new unused wire that was tested. The

significance of this is that the tensile strength for these

wires appears to have been unaffected by service conditions.

2. SE!! analysis shows that the new and used wires are similar except

for the presence of surface residue (persumably from in-service

and decontamination conditions).

3. The EDAX analysis shows that the surface residue contains chlorine,

potassiur.and silicon.

4. The microstructure examinations show no evidence of hydrogen

' damage. Both new and used wire show an identical microstructure -

cold worked high strength steel normal for the application. No

evidence of corrosion was observed in any of the samples; hence,

the presence of chlorine has not caused significant corrosion to
.

date.

5. pierchardness data for the used and the control sample were similar.
This indicates similar hardness, expected strength and lack of

decarburized surface that would weaken the wire.
'
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As a general assessment of the above data,the subject wires and

the new control sample appear to have equivalent properties in terms

of lift considerations.
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